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1 Introduction

In V2X carrier aggregation, it was agreed to maximize reuse of Rel-14 sensing based resource selection, while enhancement can be considered over the remaining candidate resources on each carrier after Rel-14 resource exclusion [1].  

Agreement:
· At least Rel-14 per-carrier independent sensing procedure and resource (re)selection is supported
· FFS whether other solution is needed. 
· FFS if sensing on multiple carriers as a single set of resources is supported

· FFS if sensing can be done on a per-carrier basis, but resource selection can be different than Rel-14 UEs

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

In this contribution, we provide our views on enhanced sensing based resource selection and carrier selection in V2X CA.  
2 TX carrier selection
In V2X CA, A first issue is to select the proper carrier(s) for data transmissions. From the current progress, multiple aspects, such as CBR and UE capability from RAN1 perspective can be used in carrier selection. It was discussed that some other aspects like service type or priority are RAN2 related and is out-of scope of RAN1. However, the current progress doesn’t reflect all useable RAN1 information. 

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 component carriers for different sidelink processes

In a real V2X network, UE distribution is irregular and the location of UE is quickly changing. The traffic for a UE is not strictly periodic. Additionally, there are also event-triggered traffics. As a consequence, the load and interference levels on different carrier could be quickly varied. CBR is an indication on the load in a period of 100ms, which could be a metric to select a carrier from multiple carriers for the actual data transmission. However, carrier selection based on CBR may be deviated since a normal resource selection must consider the sensing results in the past 1000ms sensing window.  

In V2X phase 2, one objective is to reduce the maximum time between packet arrival at L1 and resource selected for transmission. For the packet with smaller latency requirement, the size of resource selection window is supposed to be smaller as well. The number of candidate resources in the reduced resource selection window is quite limited. It raises the possibility to select a highly interfered resource for the packet transmission, hence increases the resource collision issue. In view of above issues, it is more efficient to jointly consider the resources across multiple carriers and select a resource on a carrier for the actual data transmission. By this way, the overall possibility of collision can be well controlled. 

For a packet from high layer, the transmission parameters on multiple carriers, e.g. reservation interval, number of (re)transmissions, and number of PSSCH sub-channels are first selected. The above parameters could be different on different carriers according to the congestion level on each carrier. 

· The Rel-14 V2X resource selection procedure, especially exiting step 2 and 3 are performed on each carrier. Finally, [20]% of candidate resources, i.e. SB on each carrier are obtained;

· The remaining resource SB on a carrier can act as an indication whether the carrier is suitable for transmission. For example, the average S-RSSI of the resource in SB per carrier can be used as a metric to select a carrier. 

· In the selected carrier, a resource is randomly selected from SB of the carrier. The interference of final selected resource is more likely to be lowest since the carrier itself is selected by directly comparing candidate resources. 

Proposal 1:
· The remaining resources per carrier after Rel-14 resource selection procedure step 2/3 are used as a metric to select the carrier for V2X transmission. 

3 Multiple-carrier transmission
In Rel-14, after deciding a packet transmitted on a carrier, resource selection is performed within a resource pool. It is assumed a vehicle continuously senses the channel, so that UE always has sensing information available in a sensing window before the timing for resource selection. The UE first decides on reservation interval, number of (re)transmissions, number of PSSCH sub-channels and etc. Then UE does sensing based resource selection to select one or two resources accordingly. The above procedure is restricted to a carrier without considering any relation of multiple carriers used by the UE. As a consequence, it is hard to coordinate the transmission/reception on the multiple carriers. 

To increase peak data rate, one typical use case for CA is to transmit multiple packets on multiple carriers. As agreed in last meetings, the above multiple packets can be transmitted in same subframe or in different subframes on different carriers. The only limitation is that the transmission on multiple carriers must satisfy the latency requirement. There are several factors which impact the parallel transmissions on multiple carriers. Specifically, 3 aspects are agreed for further study for the potential enhanced resource selection [1], i.e. 
· UE’s limited TX capability 

· TX chain switching time

· Half duplex problem

· TX power budget constraint

3.1 UE’s limited TX capability 
A useful feature considered in V2X CA for a UE with limited TX capability to transmit V2X data on more carriers. It is helpful to support more V2X services with reduced UE complexity and cost. The number of TX/RX chains of a UE puts a hard limitation on multiple carrier operation. The number of simultaneous transmitted carriers is limited by the number of TX chains, Nt. The number of monitored carriers is limited by number of RX chains, Nr. In a UE implementation, Nr could be larger than Nt. Since more Rx chains are available, UE actually has the corresponding sensing results on more carriers. If transmission on more than Nt carriers is desirable, a limitation on using the existing Nt TX chain (smaller than Nr) has to be considered. 
· In a subframe, UE can transmit on at most Nt carriers;

· Considering the switching time and interruption time for carrier switching, a UE switching its TX chain may not be able to do TX and/or RX during switching time/interruption time. 

In a V2X subframe, the last OFDM symbol serves as a gap, which is about 71us. If the switching time and interruption time are small, <<71us, the gap is the container for switching time and interruption time. As a result, the multiple carrier transmission on adjacent subframes is independent. On the other hand, if the switching time and interruption time become larger, it may block UE from transmission/reception in a full subframe. The above factors must be considered in resource selection. 
Observation 1:

· In a subframe, the number of transmission carriers is limited by UE TX capability;

· If the switching time and interruption time for carrier switching is small enough, the multiple carrier transmission on adjacent subframes is independent; otherwise, a UE switching its TX chain may not be able to do transmission/reception in a subframe. 
Proposal 2:

· UE TX capability is considered in enhanced sensing based resource selection in V2X CA;

3.2 Half duplex transmission

In Rel-14, there is already an issue of half duplex. For a UE with period 100ms and two transmissions per packet, the UE will miss the reception of at least two subframes where UE transmits. Hence the UE can sense at most 98 of every 100 subframes. It may not be an issue if assuming UE can correctly decode the packet with only one transmission. The minimum latency requirement is 20ms, still assuming a packet is transmitted twice, the probability of collision of both transmissions hence failure reception is about 
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, which is much tighter than the PRR requirement of 95%, hence Rel-14 V2X works. The above calculation assumes fully random resource selection. Actually, sensing based resource selection tends to make collisions only happen among UEs far from each other, which reduces the negative impact of half duplex. 
However, the issue of half duplex becomes much more serious in Rel-15 CA. In general, when a UE is transmitting/receiving on a carrier, the UE cannot receive/transmit on adjacent carriers in the same subframe. As shown in Figure 1, the transmission on a subframe (orange & green) in a carrier results in that the UE cannot do reception on all other carriers (grey with red cross), if there is no enough separation in frequency between the carriers. 
· For data transmission, UE will miss all traffic from other UEs in the subframes reception is not applicable;

· For sensing operation, due to the reduced set of subframes with sensing results, the efficiency of resource selection is reduced, hence tends to result in more collisions. 
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Figure 1: Half-duplex issue in multiple carriers

To mitigate impact of half duplex, it is preferable that all/most data transmissions happen in the same subframe whenever possible when doing resource selection. However, it is not always achievable especially considering Rel-14 resource selection was already confirmed as baseline and further enhancement can only be done after Rel-14 step 2/3. 

Observation 2:

· Half duplex operation causes negative impact on both data reception and sensing based resource selection. 
Proposal 3:

· Enhanced resource selection in V2X CA must minimize the impact of half duplex transmission/reception. 
· Priority handling half duplex is lower than that handling limited UE TX capability. 
3.3 TX power budget constraint
Another factor is UE maximum transmission power. Depending on the amount of V2X traffic with or without cellular traffic, UE may not have enough power to transmit data on multiple carriers in a same subframe. From this aspect, it should be avoided to cumulate too many packets in a subframe when doing resource selection. One potential issue is whether MAC layer can consider power budget in resource selection. The exact transmission power of a carrier is only known at physical layer. Certain physical layer report or other cross layer indication is needed. 
Observation 3:

· Considering limitation of power budget, to avoid cumulating too many packets in a subframe in enhanced resource selection. 
3.4 Enhanced sensing based resource selection 
For the multiple packets (belonging to same or different services) from high layer, a UE first decides the transmission parameters on each carrier, including reservation interval, number of (re)transmissions, number of PSSCH sub-channels, etc. In fact, UE cannot know exactly the amount of available resources before entering resource selection. CBR measurement for a carrier could be reference; however, it may not be accurate enough, since at least the information obtained from SA of a neighbor UE is not considered. Therefore, UE is not sure about the suitable set of transmission parameters for the carriers. To avoid the performance loss, it is possible that UE can select multiple set of transmission parameters, try resource selection for each set respectively and finally UE can verify which set of transmission parameters are proper and select the resource correspondingly. 

Proposal 4:

· A UE can select multiple set of transmission parameters, try resource selection for each set respectively and verify which set of parameters are proper and select the resource correspondingly. 

For a set of determined transmission parameters for the carriers, the resources corresponding to the carriers are selected. The procedure is based on Rel-14 resource selection with some enhancements reflecting new limitation factors, i.e. TX capability, half duplex operation and/or power budget. The following procedure applies in general. 
a) In V2X CA, UE might not be able to sense certain (subframe, carrier). That is, during the switching time and interruption time when UE doing TX chain switching, a UE cannot do sensing. Another reason is that a UE cannot do sensing if UE is transmitting on a neighbor carrier for half duplex operation. The existing Rel-14 behavior (step 5) in 36.213 14.1.1.6) can be reused handling all subframes not sensed on multiple carriers. 
b) UE do resource exclusion by Rel-14 sensing based resource selection, i.e. step 2 & 3. The ratio of remaining resources per carrier is [20]%. The exact value of the ratio can be FFS as a joint optimization considering limitation factors (TX capability, half duplex, power budget) in enhanced resource selection can be beneficial. 
c) Enhanced resource selection is then performed by jointly consider the limitation factors (TX capability, half duplex, power budget). 
We then focus on step c) in the following part. Limited UE TX capability is a hard limitation and must be satisfied in the resource selection. Half duplex issue impacts V2X communication much, but its priority is lower than limited UE TX capability. In this sense, it is not always guarantee that the best way avoiding half duplex is done. In our view, half duplex issue must be considered, but we don’t need to optimize too much on it. Lastly, limited power budget can be a requirement. In fact, even in Rel-14, we have the case that maximum transmission power is exceeded. The corresponding UE behavior is to drop some data or power scaling. Different limitation factor may motivate different direction for the design. Considering UE TX capability and/or power budget, it is beneficial to distribute the selected resource in time. However, to minimize impact of half duplex, it is better to cumulate data into same subframe(s). Further, it is desirable that a sufficient level of randomization is still supported to avoid adjacent UEs to select to the same resource since many other conditions of adjacent UEs are similar/same. A design must balance all the considerations. According to above analysis, we provide a simple procedure considering all the limitation factors. Herein, denote the [20]% remaining resource in step b) for carrier i as SB,i. 
1) Determine an order of carriers so that UE do resource selection in sequence.
A simple order is by carrier index. but it sounds better to select resource for high priority services, e.g. safety related services first. 

2) Remove some subframes where only small number of carriers have candidate resources belong to {SB,i}. Further, the maximum number of subframes/resources removed can be further limited, otherwise, the remaining resource in {SB,i} may become too short which impact randomization in resource selection.
Since subframes where only small number of carriers have candidate resources belong to {SB,i} are removed, it help UE to cumulate selected resource in some subframes (but not necessarily all resources in same subframe), hence it mitigate impacts of half duplex. 
3) Loop all carriers, for a carrier i,

a) A resource in SB,i should be excluded if selection of the resource resulting in violation of UE TX capability considering the already selected/occupied resources in other carriers;

b) If agreeable, a resource in SB,i should be excluded if selection of the resource resulting in violation of UE maximum transmission power considering the already selected/occupied resources in other carriers;

c) Do random resource selection in SB,i, same behavior as Rel-14 can be used. That is, UE first select one resource and then select the second resource within a time gap supportable by SCI
Proposal 5:

· Enhanced resource selection should be design considering, 

· UE TX capability must be satisfied;

· Half duplex is considered but don’t need to optimize too much;
· Power budget can be considered. 

· Agree on following procedure in principle, 

1) Determine an order of carriers so that UE do resource selection in sequence.

2) Remove some subframes where only small number of carriers have candidate resources belong to {SB,i}. Further, the maximum number of subframes/resources removed can be further limited, otherwise, the remaining resource in {SB,i} may become too short which impact randomization in resource selection.

3) Loop all carriers, for a carrier i,

a) A resource in SB,i should be excluded if selection of the resource resulting in violation of UE TX capability considering the already selected/occupied resources in other carriers;

b) If agreeable, a resource in SB,i should be excluded if selection of the resource resulting in violation of UE maximum transmission power considering the already selected/occupied resources in other carriers;

c) Do random resource selection in SB,i, same behavior as Rel-14 can be used. That is, UE first select one resource and then select the second resource within a time gap supportable by SCI

4 Conclusions
In this contribution, we provide our views on supporting mode-4 in V2X CA. The resource resources after Rel-14 resource selection step 2/3 can be used as metric to select the carrier(s) for data transmission. Rel-14 sensing based resource selection must be enhanced considering following limitation factors, i.e. TX capability, half duplex, power budge in sequence. The observations and proposals are,
Observation 1:

· In a subframe, the number of transmission carriers is limited by UE TX capability;

· If the switching time and interruption time for carrier switching is small enough, the multiple carrier transmission on adjacent subframes is independent; otherwise, a UE switching its TX chain may not be able to do transmission/reception in a subframe. 
Observation 2:

· Half duplex operation causes negative impact on both data reception and sensing based resource selection. 
Observation 3:

· Considering limitation of power budget, to avoid cumulating too many packets in a subframe in enhanced resource selection. 
Proposal 1:
· The remaining resources per carrier after Rel-14 resource selection procedure step 2/3 are used as a metric to select the carrier for V2X transmission. 

Proposal 2:

· UE TX capability is considered in enhanced sensing based resource selection in V2X CA;

Proposal 3:

· Enhanced resource selection in V2X CA must minimize the impact of half duplex transmission/reception. 
· Priority handling half duplex is lower than that handling limited UE TX capability. 
Proposal 4:

· A UE can select multiple set of transmission parameters, try resource selection for each set respectively and verify which set of parameters are proper and select the resource correspondingly. 

Proposal 5:

· Enhanced resource selection should be design considering, 

· UE TX capability must be satisfied;

· Half duplex is considered but don’t need to optimize too much;

· Power budget can be considered. 

· Agree on following procedure in principle, 

4) Determine an order of carriers so that UE do resource selection in sequence.

5) Remove some subframes where only small number of carriers have candidate resources belong to {SB,i}. Further, the maximum number of subframes/resources removed can be further limited, otherwise, the remaining resource in {SB,i} may become too short which impact randomization in resource selection.

6) Loop all carriers, for a carrier i,

a) A resource in SB,i should be excluded if selection of the resource resulting in violation of UE TX capability considering the already selected/occupied resources in other carriers;

b) If agreeable, a resource in SB,i should be excluded if selection of the resource resulting in violation of UE maximum transmission power considering the already selected/occupied resources in other carriers;

c) Do random resource selection in SB,i, same behavior as Rel-14 can be used. That is, UE first select one resource and then select the second resource within a time gap supportable by SCI
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