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1 Introduction

At the RAN#75, the work item on 3GPP phase-2 V2X evolution was approved with the following RAN1 objective [1]-[2]:

	1. Specify solutions for the following PC5 functionalities, which can co-exist in the same resource pools as Rel-14 functionality and use the same scheduling assignment format (which can be decoded by Rel-14 UEs), without causing significant degradation to Rel-14 PC5 operation compared to that of Rel-14 UEs: [RAN1, RAN2, RAN4]

a) Carrier aggregation (up to 8 PC5 carriers);


At the RAN1#90bis, the following agreements were made by RAN1 WG with respect to sidelink carrier aggregation for V2X communication:

	RAN1#91
Agreement:
· Any sensing and resource (re)selection procedure uses the Rel-14 PHY UE procedure of determining the subset of resources to be reported to higher layers in PSSCH resource selection in sidelink transmission mode 4. Additional rules for resource exclusion of resources is not precluded after the procedure.
Note: T2 values may be discussed, and potentially modified, when discussing latency reduction

Working assumption:

· For a given MAC PDU, RAN1 assumes that a single carrier is provided by higher layer for its transmission. 

· From RAN1 perspective, the following factors can be taken into account for TX carrier selection.  

· CBR

· UE capability (e.g. number of TX chains, implementation related aspects such as power budget sharing capability, TX chain retuning capability)

· For a given MAC PDU, a single carrier is used for transmission and potential retransmission of this MAC PDU.

· From RAN1 perspective, once a carrier is selected, the same carrier is used for all MAC PDUs of the same sidelink process at least until resource reselection is triggered for that same sidelink process based on Rel-14 triggering conditions. 

· Note that the UE is not precluded to switch transmission chains between CCs for different sidelink processes

Conclusion:  Continue discussion on whether address the following issue for resource selection for mode-4 CA:

· UE’s limited TX capability 

· TX chain switching time

· Half duplex problem

· TX power budget constraint

Agreement: Send LS to RAN4 to ask their inputs of the following:

· Switching time for intra-band and inter-band due to TX switching and interruption time at the receiver

· Feasibility of simultaneous transmission on intra-band, non-contiguous carriers. RAN1 requests feedback of impact of MPR and maximum PSD imbalance between carriers.


In this contribution, we continue discussion on remaining details of sidelink carrier aggregation for mode-4 LTE-V2V communication. Our views on other LTE-V2V enhancements are provided in our companion contributions [5]-[10].
2 General Aspects of LTE-V2V Sidelink Carrier Aggregation
2.1 Use Cases and Potential Impact on Physical Layer
From RAN1 perspective, the following two use cases were prioritized for sidelink carrier aggregation at RAN1#90:
· Use case #1. Parallel transmission of MAC PDUs with different payloads;
· Use case #3. Capacity improvement from the receiver perspective.
The following potential impact on physical layer can be foreseen to support these use cases:

1. TX power sharing across sidelink CCs. If TX power budget is shared, the proper UE behavior needs to be defined. 
2. Simultaneous TX and RX across sidelink CCs. In case of intra-band operation, transmission on one CC may cause half-duplex issues on all other CCs.
3. Sharing of TX or RX chain across sidelink CCs. The TX / RX chain among the potential set of candidate CCs may have impact on sensing and resource (re)-selection procedure due to switching and interruption times. 
4. Sensing and resource selection across sidelink CCs. The various implementation options for sensing and resource selection across multiple CCs may improve overall system performance and flexibility.
5. Multi-channel operation across sidelink CCs. When sidelink CCs are shared by given V2X service, mechanisms to properly select sidelink CCs for transmission/reception taking into account radio-conditions may need to be discussed.
6. Synchronization across sidelink CCs. This topic is separately discussed in our companion contribution [4].
In section 3, we analyze mentioned above aspects in more details.
2.2 Design Assumptions for Sidelink Carrier Aggregation 

2.2.1 Mapping of V2X Services to Sidelink Component Carriers

Sidelink CA for vehicular communication can enable flexible ITS spectrum management and efficient spectrum utilization. From system design perspective, there should be no restrictions in terms of mapping V2X services to different sidelink CCs, given that mapping of V2X services to ITS spectrum is primarily out of 3GPP scope.
Observation 1
· Sidelink LTE-V2V CA framework should support flexible mapping of V2X services to sidelink CCs, including one-to-one, one-to-many, many-to-one and many-to-many mapping principles of V2X services to sidelink V2X CCs.

2.2.2 On UE Transceiver Configurations

From system design perspective, the 3GPP V2X sidelink CA framework should not impose constraints on UE TX/RX capabilities. Terminals with single or multiple TX/RX chains should be able to offer V2X services.
Observation 2
· Sidelink LTE-V2V CA framework should support UEs with various capabilities in terms of sidelink CCs supported for transmission and reception.
3 Design Aspects of Sidelink Carrier Aggregation
3.1 Sidelink TX Power Sharing
If TX power budget is shared among sidelink CCs, the proper UE behavior in terms of TX power allocation needs to be defined. In LTE R14, the similar issue was discussed with respect to simultaneous transmission at Uu (UL) and PC5 (SL). When UL TX overlaps in time with SL TX, UE may drop UL or reduce power, if the PPPP of SL packet is above threshold, otherwise the UE may drop SL TX or reduce SL TX power. For simultaneous transmission across sidelink CCs, the R14 design principle can be reused. Transmission priority and proper power allocation should be given to sidelink transmission with higher PPPP value across CCs. In case of equal PPPP, the UE may either reduce the TX power per CC or drop some of transmissions with the same PPPP value.

 Proposal 1
· If UE shares TX power budget across sidelink CCs, when SL transmissions from multiple CCs overlap in time, UE may drop or reduce power for transmission with the lower priority (PPPP). 
· In case of equal priority values, UE may split the SL TX power across multiple CCs.
3.2 Simultaneous TX/RX

Intra-band CA

According to [3], when multiple sidelink CCs are allocated in the same band (intra-band CA scenario), it is not possible to TX and RX simultaneously on different CCs. This will lead to cross-CC half-duplex problem. If UE transmits on one out of N intra-band CCs, UE may not be able to monitor and perform proper measurement on intra-band CCs. Therefore sensing procedure conducted across multiple CCs should take into account that transmission on one of the CC may prevent proper UE monitoring on other CCs (or subset of CCs).

Inter-band CA

According to WID, the only B47 is considered in terms of RF requirements. The inter-band sidelink CA is out of WI scope [3] and therefore is not discussed here.

Proposal 2
· In case of sensing on multiple aggregated sidelink CCs, UE monitors subframes within sensing window except for those in which its transmissions on at least one of the CCs affects reception on all monitored intra-band CCs.

· Resources corresponding to subframes at the affected CCs are excluded from resource selection window.

3.3 Sharing of TX/RX Chains 

UE with lower capabilities in terms of TX and RX [3] may need to switch chains from one CC to another CC in order to support multiple services.
Impact of RX chain sharing on sensing/resource selection
The RX chain sharing should not be considered at small timescales and in general should not happen frequently. However any switching of RX chain may lead to the situation when sensing results are not available or partially available. In order to handle this situation three options can be further analyzed: 1) UE can drop arriving packets until sensing results are available; 2) UE can select resource for transmission based on partial sensing results; 3) UE randomly selects resource for transmission or its behavior is unspecified; 4) UE performs initial sidelink transmission in exceptional pool until sensing results are available. In our view, the exceptional pool of resources can be used if sensing results are not available due to RX chain switching.
Proposal 3
· Exceptional pool is used if sensing results are not available due to switching of RX chain.

· Inform RAN2 on UE behavior when RX chain switches to another CC.
Impact of interruption on sensing/resource selection

The TX/RX chain switching may cause receiver/transmitter interruption. The impact of receiver interruption on UE sensing and resource selection behavior needs to be further analyzed and require feedback from RAN4 WG. The corresponding LS was sent to RAN4 WG in [4]. In this section, we assume that TX/RX chain switching time is bounded by 1ms and causes 1ms interruption time at all RX component carriers (needs to be confirmed by RAN4 WG). If this is the case, then intra-band switching and interruption need to be also reflected in sensing and resource selection procedure. In our view, the RX interruption caused TX or RX chain switching can be handled in a similar way as a half-duplex issue on single component carrier, when UE cannot receive on a CC due to ongoing transmission. 

Observation 3
· RAN4 feedback is needed to discuss handling of interruption due to TX/RX chain switching.

· Receiver interruption, caused by TX/RX chain switching, has impact on sensing and resource selection procedure.
· Receiver interruption can be handled in a similar way as a half-duplex problem (when UE cannot receive due to its own transmission on a given CC). For instance, the following solution may be considered:
· UE monitors subframes within sensing window except for those in which interruption due to chain switching occurs
· Resources corresponding to subframes where interruption occurs are excluded from resource selection window

In order to reduce detrimental effect on sensing and resource selection caused by receiver interruption due to chain switching it may be considered to limit amount of switching within certain time interval. Further discussion and analysis is needed on whether impose constraints on chain switching that cause interruption of receiver chains.
Impact of TX chain sharing on resource (re)-selection in case of limited TX capabilities

Beside receiver interruption, the TX switching time itself may have impact on resource (re)-selection. For instance, once resource (re)-selection is triggered, UE is supposed to (re)-select resources within time interval bounded by T1 and T2, where 0 ≤ T1 ≤ 4 and 20 ≤ T2 ≤ 100. The UE transmitting on one of aggregated CCs may not have enough time to switch to another CC. This situation may happen if UE with limited TX capabilities (re)-selects resources at the same time on multiple aggregated CCs or if UE needs to transmit on a subset of aggregated CCs and (re-)selects resources on another subset of aggregated CCs.
Let’s assume that UE simultaneously (re)-selects resources on a subset of multiple aggregated CCs {X1,X2,…,XN}, while having ongoing/parallel sidelink transmission processes on another subset of aggregated CCs {Y1,Y2,…,YM}. In this case, the following options in terms on resource (re)-selection across aggregated CCs can be possible:
· Option 1. Resource (re)-selection at CCs {X1,X2,…,XN} takes into account priority of transmission among CCs {X1,X2,…,XN} and also considers priority of transmission at CCs {Y1,Y2,…,YM}.

· Option 2. Resource (re)-selection at CCs {X1,X2,…,XN} takes into account priority of transmission among CCs {X1,X2,…,XN} and does not consider priority of transmission at CCs {Y1,Y2,…,YM}.

· Option 3. Resource (re)-selection at CCs {X1,X2,…,XN} does not take into account priority of transmission among CCs {X1,X2,…,XN} and considers priority of transmission at CCs {Y1,Y2,…,YM}. 
· Option 4. Resource (re)-selection at CCs {X1,X2,…,XN} does not take into account priority of transmission among CCs {X1,X2,…,XN} and does not consider priority of transmission at CCs {Y1,Y2,…,YM}. 
The described above options assume additional processing of candidate resource sets at each CC taking into account ongoing or activated sidelink processes on other aggregated CCs. In particular, instead of random resources selection within candidate resource set, UE may try to avoid selecting overlapped in time resources in order to avoid transmission conflict. The latter can be achieved by excluding conflicting subframes from candidate resource sets taking into account priority information on all CCs. This exclusion step may consider not only overlapped in time subframes, but also take into account adjacent subframes that are necessary for TX chain switching.
Proposal 4
· In case of limited TX capabilities, the resource selection on a given set of CCs takes into account resources and priority of transmission on other “competing” aggregated CCs

· FFS details of the enhanced resource selection
3.4 Sensing and Resource Selection
In LTE R14, the V2V sensing and resource selection procedure is defined per CC (i.e. each CC is processed independently from transmission and reception perspective). In case of CA, the sensing and resource selection procedure can potentially operate across a group of sidelink CCs. The various options of possible sensing and resource selection in case of sidelink CA operation were described in [11] and presented in Figure 1.
For UEs with sufficient TX capabilities, one of the consideration for joint resource selection could be minimization of half-duplex problem. In this case, subframes (from candidate resource set) that are used for transmission on other CCs can be prioritized for selection. This option can reduce impact of half-duplex on sensing and resource selection operation. On the other hand it may results in reduced link budget due to power sharing and increased MPR caused by simultaneous transmission on multiple CCs.

Resource selection across CCs can be also beneficial for scenario where given V2X service is mapped to multiple CCs with the same priority or when duplicated transmission or different transmissions are sent across multiple CCs using different sidelink processes. In this case, resource (re)-selection on one CC can take into account activities on aggregated CCs to either reduce half-duplex problem or avoid TX power sharing or transmission conflict due to limited TX chain capabilities. 

The CBR was agreed to be used for TX CC selection. This reduces motivation to further analyze candidate resource sets across aggregated CCs in order to enable joint resource selection among aggregated CCs. However, CBR measurements can indicate that several aggregated CCs are available for transmission. In this case, additional resource selection considerations as discussed above can be used to finally determine resource and carrier for transmission.  It should be noted that similar optimizations can be also considered in carrier selection process rather than resource selection but may be less optimal.
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Figure 1: Design options for multicarrier sensing and resource selection.
Considering aspects discussed above as well as RAN1, RAN2 WGs agreements and potential feedback from RAN4 WG, we believe it is premature to preclude resource selection based on processing of multiple CCs and therefore we have the following proposal:
Proposal 5
· Further analyze benefits of enhanced resource selection operating across candidate resource sets of aggregated CCs.

4 Multi-Channel Operation
The multi-channel (multi-CC) operation for V2V communication can be used to serve different purposes, e.g.

· Provide different V2X services on different carriers and enable V2X service management across CCs;

· Provide efficient resource utilization/sharing across CCs by given V2X service or multiple V2X services;

· Multi-channel congestion control or load balancing, given that different CCs can have different loading.

4.1 Priority of Sidelink Component Carriers

The group of sidelink CCs (configured by higher layers) can be ranked based on the priority associated with the usage of given CC by specific V2X service. Otherwise some primary or default CCs can be define for each CC.
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Figure 2: Sidelink CCs classification (primary/secondary or different priority for given service).

Given that UEs may have limited number of TX and RX chains (i.e. less than number of CCs) but still capable to provide multiple V2X services at a time, the certain procedure needs to be defined to decide on CC to be used for transmission/reception by each transceiver and possibility of switching of the specific chain to particular CC.

Mapping of V2X services (service types) to CC is not a radio-layer problem, however it may need to be taken into account assuming that multiple services (service types) can share the same set of CCs and have different priorities to use particular CC. For instance, depending on interest to the specific V2X service type, the transceiver may be tuned to the primary CC (highest priority) for this V2X service and use it for TX or RX, unless it is triggered to switch to another CC based on CC switching conditions.
Mapping of V2X services (service types) to CCs

In this section, we discuss different options of mapping V2X services (service types) to CCs (see Figure 3).

· Scenario 1. One-to-One mapping. In this case, single V2X service is mapped to the single V2X CC (i.e. single CC is allocated to the LTE-V2X specific service, e.g. safety-related).

· Scenario 2. Many-to-One mapping. In this case, single V2X service is mapped to multiple CCs or multiple V2X services are mapped to single CC.
· Scenario 3. Many-to-Many mapping. In this case, multiple CCs are shared by multiple V2X services (e.g. different types of safety- and/or non-safety related services) with the same or different V2X service specific priorities per CC (defined for each V2X service type per CC).
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Figure 3: Mapping of V2X services (service types) to sidelink CCs.

Congestion control and load balancing strategies 
For the case when V2X service is delivered across multiple CCs, different congestion control and load balancing strategies are possible:
· Load balancing based CC selection (preferential access to CC with minimum CC loading). This strategy aims to distribute the load across CCs, offload transmission according to the predefined rules (e.g. equal load or proportionally fair load).
· Priority based CC selection (prioritized selection of CC with higher priority for given V2X service). The given V2X service can have different priority to transmit on CCs. Therefore UE will first transmit V2X service on CC that has higher priority for given V2X service, unless this CC is overloaded/congested. In later case, UE will select non-overloaded carrier with the highest priority.
The load balancing based CC selection, that takes into account transmission activity in each frequency channel is not desirable option for UEs with limited TX/RX capabilities, since those UEs will not be able to receive part of the service even if radio-channel condition allow to concentrate this service in one CC. In addition, if we assume that LTE and NR technologies can share the same spectrum it may be desirable to have a mechanism motivating LTE and NR UEs to transmit on different CCs. Therefore CC selection should be done taking into account radio-conditions on a given CC and priority to use given CC for transmission.
Observation 4
· Load balancing among CCs based on radio-conditions only is not friendly to UEs with limited TX/RX capabilities
· Load balancing based on radio-conditions only is not forward compatible solution.
In order to estimate CC load, the S-RSSI measurement across CC resources can be used. The channel busy ratio (CBR) was already agreed for CC selection. However on top of that, V2X Service Priority for given CC can be configured per each CC. The legacy CBR measurements can be used to define CC Overload Indicator (e.g. CBR > CBRTHR) and characterize CC Loading. Under these assumptions, the following rule can be used for CC selection:
Proposal 6
· The following CC selection behavior is used, if V2X Service Priorities are associated with each CC
· CC Overload Indicator > V2X Service Priority for given CC > CC Loading
· If there is no CC specific priorities configured, UE assumes equal priority for selection of CC for transmission.
5 Summary

In this contribution, we provided our views on main design aspects that should be considered for support of sidelink (PC5) carrier aggregation for V2V mode-4 communication. We have discussed L1 aspects relevant to sensing and resource selection across multiple CCs including scenarios with limited transceiver configurations. In summary, we have the following list of proposals:

Proposal 1

· If UE shares TX power budget across sidelink CCs, when SL transmissions from multiple CCs overlap in time, UE may drop or reduce power for transmission with the lower priority (PPPP). 
· In case of equal priority values, UE may split the SL TX power across multiple CCs.
Proposal 2
· In case of sensing on multiple aggregated sidelink CCs, UE monitors subframes within sensing window except for those in which its transmissions on at least one of the CCs affects reception on all monitored intra-band CCs.

· Resources corresponding to subframes at the affected CCs are excluded from resource selection window.

Proposal 3
· Exceptional pool is used if sensing results are not available due to switching of RX chain.

· Inform RAN2 on UE behavior when RX chain switches to another CC.
Proposal 4
· In case of limited TX capabilities, the resource selection on a given set of CCs takes into account resources and priority of transmission on other “competing” aggregated CCs

· FFS details of the enhanced resource selection
Proposal 5
· Further analyze benefits of enhanced resource selection operating across candidate resource sets of aggregated CCs
Proposal 6
· The following CC selection behavior is used, if V2X Service Priorities are associated with each CC
· CC Overload Indicator > V2X Service Priority for given CC > CC Loading
· If there is no CC specific priorities configured, UE assumes equal priority for selection of CC for transmission.
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