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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][2]. The limitation factors and options for related procedures to handle the factors are agreed in RAN1#91. Then down selection was made in RAN1#92.  

Agreement
· From RAN1 understanding, the limited TX capability means that the UE cannot support transmission(s) over carrier(s) in a subframe due to 

· (a) Number of TX chains smaller than the number of configured TX carriers or
· (b) UE doesn’t support the given band combination or
· (c) TX chain switching time or

· (d) UE cannot fulfill the RF requirement due to, e.g., PSD imbalance

· For a UE with limited TX capability, RAN1 considers the following options for resource selection in mode 4 CA.

· Option 1-1: When the UE performs the resource selection for a certain carrier, any subframe of that carrier shall be excluded from the reported candidate resource set if using that subframe exceeds its TX capability limitation under the given resource reservation in the other carriers.

· FFS details, e.g., the carrier resource selection order should consider PPPP of transmission and CBR.

· Option 1-2: If the per-carrier independent resource selection leads to transmissions beyond the TX capability of the UE in a subframe, UE re-does resource reselection within the given reported candidate resource set until the resultant transmission resources can be supported by the UE.

· FFS: whether it is up to UE implementation

· FFS details, e.g., the carrier resource selection order should consider PPPP of transmission and CBR.

· Option 2: After performing the per-carrier independent resource selection, the UE shall drop transmission in a subframe where using that subframe exceed its TX capability limitation. 

· FFS details of dropping rule, e.g., whether/how to consider PPPP and CBR

· FFS whether/how to consider other aspects (e.g., half duplex problem) in terms of resource selection

· Down-select one combination among the followings:

· Option 1-1 for (a), (b), and (c)

· the UE shall drop transmission in a subframe where using that subframe is beyond TX capability with (d)

· Option 1-1 for (a), (b), and (c)

· UE re-does resource reselection within the given reported candidate resource set until the resultant transmission resources fulfill TX capability with (d)

· Option 1-2 for (a), (b), and (c) + Option 2 for (d)

· Option 1-1 for (a), (b), (c), and (d)

· Option 1-2 for (a), (b), (c), and (d)

· Option 2 for (a), (b), (c), and (d)

Agreement: 

· Case (b) includes unsupported carrier combinations as well as band combinations
For cases when limited tx capability the UE cannot support transmission(s) over carrier(s):
· The UE shall follow Option 1-1 for (a), (b), (c)

· Otherwise, the UE shall follow Option 1-2

In addition to above agreed limitation factors, half duplex transmission is another factor should be considered. While the agreed limitation factors can be seen as hard restriction, i.e. UE doesn’t work if not satisfying the agreed factors, half duplex transmission is a soft factor and is better to solve. Another factor is TX power budget limitation. In this contribution, we provide the detail operations for the enhanced sensing based resource selection in this contribution. Specifically, we discuss the joint procedure to avoid the agreed limitation factors, TX power budget limitation and to mitigate half duplex problem in the enhanced sensing based resource selection.  
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 further 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. Comparing with the tight restriction by UE TX capability, half duplex problem is a kind of soft restriction, which can be handled in a best-effort way. In general, a UE can first fulfill requirements of TX capability, and then the UE further consider half duplex constraint as much as possible. 

Observation 1:

· Half duplex operation causes negative impact on both data reception and sensing based resource selection. 
Proposal 1:

· 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 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 2:

· Considering limitation of power budget, to avoid cumulating too many packets in a subframe in enhanced resource selection. 
4 Enhanced resource selection
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 resource exclusion based on PSSCH-RSRP and S-RSSI measurement in the sensing window, until 20% percent of all resources in selection window (
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in 36.213) is remained. Finally, set 
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 is reported to high layer and one or two resources are randomly selected in 
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. In Rel-14, the resource selections are performed on different carriers independently. In V2X CA, a joint resource selection across multiple carriers could be beneficial to improve the overall performance. A hard limitation is that the transmission on multiple carriers must satisfy the latency requirement. 

According to the agreements in last meetings, UE TX capability may be further categorized into 4 factors. 

(a) Number of TX chains smaller than the number of configured TX carriers or


(b) UE doesn’t support the given band combination or


(c) TX chain switching time or


(d) UE cannot fulfill the RF requirement due to, e.g., PSD imbalance
Factor (a) and (c) are related. When a UE with limited number of TX chains tries to use more configured TX carrier, TX chain switching time may impact UE operations. If switching can be done very quickly, e.g. within an OFDM symbol, TX chain switching time may not limit the transmission/reception in adjacent subframes. 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. Factor (d) maybe related to the exact PRB locations in a carrier hence has to be handled after per-carrier independent resource selection. 

In V2X CA, 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 2:

· 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. Rel-14 resource selection is used to independently derive the set of remaining candidate resources
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 for each carrier, 

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 does resource exclusion by Rel-14 sensing based resource selection, i.e. step 2 & 3. The ratio of remaining resources 
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 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) Further resource exclusion is then performed by jointly consider the limitation factors (TX capability, half duplex, power budget) to enhance the performance of resource selection on multiple carriers. 
We then focus on step c) in the following part. 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.
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Figure 2: enhanced resource selection
Limited UE TX capability is a hard limitation and must be satisfied in the resource selection and should be considered first. 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. According to above analysis, we provide a simple procedure considering all the limitation factors as shown in Figure 2. Herein, denote 
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 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. However, it sounds better to select resource for high priority services, e.g. safety related services first. 

2) According to the determined order, certain subframes of resources are removed from by considering UE TX capability and/or TX power budget limitation.

3) 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. 
4) Loop all carriers, for a carrier i, do random resource selection in SB,i. E.g. Similar to Rel-14, UE first select one resource and then select the second resource within a time gap supportable by SCI
Proposal 3:

· 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.

Proposal 4:

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

2) According to the determined order, certain subframes of resources are removed from by considering UE TX capability and/or TX power budget limitation.

3) 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.

4) Loop all carriers, for a carrier i, do random resource selection in SB,i. E.g. Similar to Rel-14, UE first select one resource and then select the second resource within a time gap supportable by SCI
5 Other enhancements

In Rel-14 V2X, up to 2 SL processes can be used in a resource pool in a carrier, which provide one more dimension to transmit more traffic in addition to CA. From load balancing point of view, it is beneficial to distribute the traffic into more carriers since anyway a vehicle is not energy limited. On the other hand, carriers with lower CBR measurements should be prioritized which motivate using a second SL process on a carrier with lower CBR. The service property also needs to be considered, for example certain service may have to be limited to certain carriers. 

Proposal 5:

· Defining a rule using up to 2 SL processes in a carrier or on multiple carriers is beneficial. 

In the agreed use cases, the multiple MAC PDUs for parallel transmissions can be segmented from one same high layer packet. Similar or same link performance is expected for those multiple MAC PDUs. 

1) In Rel-14, it is possible only one resource is selected due to lack of a second available resource within 15 logical subframes before or after the selected resource. In Rel-15, if it happens that some MAC PDUs are transmitted twice while others are transmitted once, the link performance of the MAC PDUs is biased and is not helpful for the transmission of the same high layer packet. Therefore, it is preferred to select same number of resources on each carrier for the multiple MAC PDUs whenever possible. 

2) In Rel-14, congestion control is supported and works on a per carrier basis. In the scenario different carriers have different load, it is likely that some MAC PDUs in some carriers cannot be transmitted due to congestion. Since they are belonging to the same high layer packet, dropping a MAC PDU in a carrier will result in whole high layer packet fails. The transmission of remaining MAC PDUs on carriers not congested is then useless and only increase the interference level. Therefore, it is preferred to drop all the MAC PDUs if one of them has to be dropped.  

3) In ideal case, the transmission power on each CC should have the same coverage for each MAC PDU to have roughly the same link performance. Since the traffic conditions and interference scenarios on the multiple CCs are typically different, the proper MCS could be different among the multiple CCs. In Rel-14 power control, UE transmission power is independent to MCS of data channel. As a result, it is quite likely that different coverage is achieved for the different carriers. Therefore, enhancement on PC algorithm for CA operation could be considered. 

Proposal 6:

· Similar link performance is targeted for the multiple MAC PDUs segmented from same high layer packet. 

· Same number of (re)transmissions for each MAC PDU;

· Drop all MAC PDUs if at least one MAC PDU is dropped;

· Target the same coverage for the multiple MAC PDUs.

In Rel-14, a resource after resource selection will be persistent used for 10*C reservation intervals. The reservation interval equals to 100*k. C is randomly selected from 5~15 for k >=1 and from [5~15]/k for k=1/2 or 1/5. Resource reselection can be triggered before the reservation expires if the reserved resource is not sufficient to carry the current data. For example, if size of the high layer packet is further increased and the reserved resources in multiple carriers cannot carry the high layer packet, the UE could trigger resource reselection on one carrier or increase number of sidelink processes on one carrier, or to select resource on another carrier which does not have reserved resources at that moment, so that the persistent transmission behavior on most carriers are kept which is good for reservation based resource selection. On the other hand, considering half duplex operation, UE doesn’t have sensing information on the subframe used in past data transmission, triggering resource reselection on a part of carriers results in selected resource located in different subframe(s) from the subframe previously occupied. As a result, it will cause more issue of half duplex transmission. To avoid such unwanted behavior, UE has to reselect resource on all carriers if resource in one carrier cannot satisfy its transmission requirements.  Accordingly, the multiple carriers doing resource selection at same time are better sharing same number C. The behavior keeping current selected resource(s) before next resource selection should also common to the multiple carriers. 

Proposal 7:

· Once resource selection is triggered on a carrier, resource in all/multiple carriers are reselected together. 

· The number C of reservation interval for a selected resource,  and the behavior keeping current selected resource(s) before next resource selection should be common to all/multiple carriers. 

Due to half-duplex operation, a UE cannot sense the subframes which are used for its transmission in sensing window. Such skipped subframes are handled in Rel-14 through a special method. A most conservative way is adopted, in which a candidate resource is excluded if it collides with a reserved resource corresponding to the skipped subframe within any available reservation interval. For a single transmission carrier, the number of skipped subframes is not large. However, the number of skipped subframes increases in CA scenario, since a UE transmitting in a subframe on a carrier cannot sense in the same subframe on all other carriers. With increased number of skipped subframes, the remaining candidate resources is reduced which may result in increased possibility for collisions. If the remaining candidate resources become too short, a carrier cannot be used in sensing based resource selection. Exceptional pool can be used, or the data can be transmitted on other carriers with enough sensing information.  Alternatively, if UE identifies a resource selection resulting in lack of opportunity for sensing, a resource reselection can be triggered. 

Proposal 8:

· If many subframes in sensing window on a carrier cannot be sensed, UE can transmit data in exception pool, another carrier with enough sensing information. Alternatively, resource reselection is triggered if lack of opportunity for sensing is identified. 

V2X supports up to 8 PPPP levels to differentiate service priorities. Assuming multiple MAC PDUs belonging to different services are transmitted on multiple carriers. Due to the independent congestion control, it is possible a carrier carrying high priority service is congested while another carrier carrying low priority services is not congested. In such a case, it is preferred to transmit the high priority service on the non-congested carrier and drop the low priority service. 

Proposal 9:

· In case of congestion on a carrier where a high priority service is mapped, the UE can transmit the high priority service on a carrier that is not congested.

6 Conclusions
In this contribution, we provide our views on supporting mode-4 in V2X CA. 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:

· Half duplex operation causes negative impact on both data reception and sensing based resource selection. 
Proposal 1:

· 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 2:

· 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 3:

· 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.

Proposal 4:

· Agree on enhanced resource selection

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

6) According to the determined order, certain subframes of resources are removed from by considering UE TX capability and/or TX power budget limitation.

7) 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.

8) Loop all carriers, for a carrier i, do random resource selection in SB,i. E.g. Similar to Rel-14, UE first select one resource and then select the second resource within a time gap supportable by SCI
Proposal 5:

· Defining a rule using up to 2 SL processes in a carrier or on multiple carriers is beneficial. 

Proposal 6:

· Similar link performance is targeted for the multiple MAC PDUs segmented from same high layer packet. 

· Same number of (re)transmissions for each MAC PDU;

· Drop all MAC PDUs if at least one MAC PDU is dropped;

· Target the same coverage for the multiple MAC PDUs.

Proposal 7:

· Once resource selection is triggered on a carrier, resource in all/multiple carriers are reselected together. 

· The number C of reservation interval for a selected resource,  and the behavior keeping current selected resource(s) before next resource selection should be common to all/multiple carriers. 

Proposal 8:

· If many subframes in sensing window on a carrier cannot be sensed, UE can transmit data in exception pool, another carrier with enough sensing information. Alternatively, resource reselection is triggered if lack of opportunity for sensing is identified. 

Proposal 9:

· In case of congestion on a carrier where a high priority service is mapped, the UE can transmit the high priority service on a carrier that is not congested.
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