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[bookmark: _Ref521334010]Introduction
Rel-16 URLLC work item was approved in RAN#83 in [1]. One of the objectives is to specify enhancements to scheduling/HARQ including the support of out-of-order HARQ and out-of-order PUSCH for different HARQ processes and the support of scenario 1 (dynamic PDSCH and dynamic PDSCH conflict in time) and scenario 3 (dynamic PUSCH and dynamic PUSCH conflict in time) as defined in TR38.825[2].
· [bookmark: OLE_LINK1]Specification of enhancements to scheduling/HARQ [RAN1]
· Out-of-order HARQ-ACK associated with PDSCHs with different HARQ process IDs
· Out-of-order PUSCH scheduling associated with different HARQ process IDs, including overlapping PUSCHs and non-overlapping PUSCHs in time-domain
· Methods to handle DL data/data resource conflicts for overlapping PDSCHs in time-domain, scheduled by dynamic DL assignments 
Out-of-order HARQ was discussed in study item phase with the following agreements.
Agreements:
For a Rel. 16 eURLLC UE and dynamic downlink scheduling, on the active BWP of a given serving cell, the HARQ-ACK associated with the second PDSCH with HARQ process ID x received after the first PDSCH with HARQ process ID y (x != y) can be sent before the HARQ-ACK of the first PDSCH. Specify based on the following solutions:
· Solution 1: The UE always processes the second PDSCH. The UE may or may not drop the processing of the first channel.
· Solution 2: The UE processes both the first and second PDSCHs as a UE capability with no condition.
· Solution 3: The UE processes both the first and second channels under some conditions, e.g. using the CA capability. The conditions are reported as a UE capability. If the conditions are not satisfied, the UE behavior is not defined. 
· FFS: The details of the UE capability.
· Solution 4: 
· A UE drops (terminates) the processing of the first PDSCH.
· Alt1: The UE always drops the first PDSCH.
· Alt2: Some scheduling conditions should be defined. If not satisfied, the UE drops the processing of the first channel.
· FFS how to define the scheduling conditions, e.g., based on the number of RBs, TBS, number of layers, the gap between the first and second PDSCHs, the gap between the two PUCCHs carrying HARQ-ACK, etc.
· The UE behavior, e.g., decision on dropping the first channel and timing capability associated with the second channel, is determined, and is fixed, after decoding the PDCCH associated with the first and the second PDSCH. 
· When the UE drops the processing of the first channel, increasing the minimum PDSCH processing procedure time (N1) of the second PDSCH by d symbols can be considered.
· FFS the value of d. 
· Dropping the processing of the first PDSCH can be done in one of the two ways:
· Alt1: dropping the processing of the first PDSCH on the same serving cell 
· Alt2: dropping the processing of a PDSCH(s) on the same cell or a different serving cell.
· The UE only expects a maximum of one OOO PDSCH-to-HARQ-ACK flow on the active BWP of a given serving cell when applicable
· FFS whether or not, out-of-order operation is allowed across PDSCHs with PDSCH-to-HARQ gap compatible with PDSCH processing time (N1) for capability X.
Out-of-order PUSCH scheduling was discussed in the study item phase with the following agreements which covers both overlapping PUSCHs (scenario 3 in [2]) and non-overlapping PUSCHs in time.
Agreements:
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]For a Rel. 16 UE, on the active BWP of a given serving cell, the UE can be scheduled with a second PUSCH associated with HARQ process x starting earlier than the ending symbol of the first PUSCH associated with HARQ process y (x != y) with a PDCCH that does not end earlier than the ending symbol of first scheduling PDCCH.  Specify based on the following solutions:
· Solution 1: The UE always processes the second scheduled PUSCH. The UE may or may not drop the processing of the first scheduled PUSCH.
· If the first scheduled and second scheduled PUSCHs are not colliding in the time domain:
· Solution 2: The UE processes both the first scheduled and second scheduled PUSCHs as a UE capability with no condition.
· Solution 3: The UE processes both the first scheduled and second scheduled PUSCHs under some conditions. The conditions are reported as a UE capability.
· FFS: The details of the UE capability.
· Solution 4: 
· A UE drops (terminates) the processing of the first scheduled PUSCH.
· Alt1: The UE always drops the first scheduled PUSCH.
· Alt2: Some scheduling conditions should be defined. If not satisfied, the UE drops the processing of the first scheduled PUSCH.
· FFS how to define the scheduling conditions, e.g., based on the number of RBs, TBS, number of layers, the gap between the first and the second PUSCHs, etc.
· The UE behavior, e.g., decision on dropping the first scheduled PUSCH and timing capability associated with the second scheduled PUSCH, is determined, and is fixed, after decoding the PDCCH associated with first and the second scheduled PUSCHs. 
· When the UE drops the processing of the first scheduled PUSCH, increasing the minimum PUSCH preparation procedure time (N2) of the second PUSCH by d symbols can be  considered.
· FFS the value of d. 
· Dropping the processing of the first scheduled PUSCH can be done in one of the two ways:
· Alt1: dropping the processing of the first scheduled PUSCH on the same serving cell 
· Alt2: dropping the processing of a PUSCH(s) on the same cell or different serving cell.
· The UE only expects a maximum of one OOO PDCCH-to-PUSCH flow on the active BWP of a given serving cell when applicable.
· FFS whether or not out-of-order operation is allowed across PUSCHs with PDCCH-to-PUSCH gap compatible with PUSCH processing time (N2) for capability X.
· If the first scheduled PUSCH and the second scheduled PUSCH are colliding in the time domain, the UE drops the processing and the transmission of the first scheduled PUSCH.
· For dropping, the scheduling limitations do not apply. The UE always drops the first scheduled PUSCH.
· Other details of dropping are as those of the solution 4. 
In RAN1#96bis meeting, the following agreements were made.
Agreements:
In case two unicast PDSCHs for a UE are overlapping, the following scenarios are identified:
· Scenario 1-1: Overlapping in the time domain and not in the frequency domain
· Scenario 1-2: Overlapping both in the time and frequency domains
Working assumption:
· When the two unicast PDSCHs for a UE are overlapping, the UE generates HARQ-ACK for both of the PDSCHs.
This contribution discusses out-of-order scheduling and out-of-order HARQ taking the above agreements into account.
Discussion
Out-of-order HARQ
In NR Rel-15, gNB can semi-statically enable UE processing capability 2 on a given cell if it is supported by the UE; otherwise, UE processing capability 1 is assumed. All the PDSCH processing on a given cell is in sequential according to either UE processing capability 1 or UE processing capability 2 so that the UE pipeline processing is maintained as shown in Figure 1.


[bookmark: _Ref6902334]Figure 1: UE pipeline processing according to UE processing capability 1 or UE processing capability 2 
An exception is that for the UE indicating capability 2 PDSCH processing time for 30 kHz SCS with restricted PDSCH max allocation of no more than 136 PRBs, the PDSCH processing time can dynamically change according to the scheduled number of RBs. To be more specific, if the scheduled RB allocation exceeds 136 RBs, the UE defaults to capability 1 processing time; otherwise capability 2 processing time is sufficient. In case UE is scheduled with a PDSCH1 with more than 136 RBs followed by a PDSCH2 with no more than 136 RBs, UE pipeline processing may be interrupted since PDSCH1 needs longer processing time (according to UE processing capability 1) as shown in Figure 2.


[bookmark: _Ref6902543]Figure 2: PDSCH1 in accordance to capability 1 followed by PDSCH2 in accordance to capability 2
In order to address the issue, the following UE behavior is specified in Rel-15 NR. 
For UE processing capability 2 with scheduling limitation when μ = 1, if the scheduled RB allocation exceeds 136 RBs, the UE defaults to capability 1 processing time. The UE may skip decoding a number of PDSCHs with last symbol within 10 symbols before the start of a PDSCH that is scheduled to follow Capability 2, if any of those PDSCHs are scheduled with more than 136 RBs with 30kHz SCS and following Capability 1 processing time.
The idea is that if the gap between the two PDSCHs is sufficient for PDSCH1 processing (≥ N1 of PDSCH1 processing time), UE can process both PDSCHs; otherwise, UE may skip decoding PDSCH1.


Figure 3: PDSCH1 decoding skipping according to the gap between the two PDSCHs
In addition, it is noted that no additional processing time is added to PDSCH2 if UE skips decoding PDSCH1.
Observation 1: In Rel-15, for the UE indicating capability 2 PDSCH processing time for 30 kHz SCS with restricted PDSCH max allocation of no more than 136 PRBs, no additional processing time is required for the later PDSCH if UE skips decoding the earlier PDSCH.
Therefore, for out-of-order HARQ feedback, it is proposed that the minimum PDSCH processing time (N1) of the second PDSCH is not increased when the UE drops the processing of the first PDSCH.
Proposal 1: For out-of-order HARQ feedback, the minimum PDSCH processing time (N1) of the second PDSCH is not increased when the UE drops the processing of the first PDSCH.
Out-of-order HARQ is similar as the case that UE is scheduled with PDSCH1 according to capability 1 followed by a PDSCH 2 according to capability 2 expect that the HARQ-ACK feedback for PDSCH2 is earlier than HARQ-ACK feedback for PDSCH1 which is already supported in Rel-15 HARQ-ACK multiplexing scenario in the sense that the HARQ-ACK for the later PDSCH is not later than the HARQ-ACK for the earlier PDSCH. Therefore, as long as the gap between the two PDSCHs is sufficient for the processing of the earlier PDSCH, UE should be able to decode both PDSCHs.
Observation 2: For out-of-order HARQ, if the time interval between the end of the first PDSCH and the start of the second PDSCH which is received after the first PDSCH is sufficient for the first PDSCH processing, UE should be able to process both PDSCHs.
Based on the above observation, we can define the scheduling condition for alternative 2 under solution 4 similar as in Rel-15 based on the gap between the two PDSCHs. To be more specific, if the time interval between the end of the first PDSCH and the start of the second PDSCH which is received after the first PDSCH is sufficient for the first PDSCH processing (e.g. longer or equal to N1 of the first PDSCH), UE processes both PDSCHs. Otherwise, UE may not be able to decode both PDSCHs. The PDSCH scheduled by later DCI should always have the higher priority and UE should terminate the processing of the first PDSCH scheduled by the earlier DCI if UE cannot process both. 
Proposal 2: For out-of-order HARQ, UE should terminate the processing of the first PDSCH scheduled by the earlier DCI if UE cannot process both.
Furthermore, we can either leave it to UE implementation to decide whether to terminate the processing of the first PDSCH or mandate that UE terminates the processing of the first PDSCH. Given that it is proposed that UE generates both HARQ-ACKs even if UE terminates the processing of the first PDSCH, it can be left to UE implementation whether to process the first PDSCH since it provides the possibility that UE can successfully decode the first PDSCH and feedback ACK to gNB. From gNB perspective, if a NACK is received for the first PDSCH, gNB has no idea whether it is due to dropping of the processing or decoding failure. For example if the first PDSCH is scheduled with RV0 and a NACK is received at the gNB side, gNB may want to set RV0 for the retransmission if the previous PDSCH was dropped while gNB may want to set to other RV for the retransmission if the previous PDSCH was not successfully decoded. Then gNB can always conservatively assume that the previous PDSCH was dropped.


Figure 4: Out-of-order HARQ
Proposal 3: For out-of-order HARQ-ACK feedback, if the time interval between the end of the first PDSCH and the start of the second PDSCH which is received after the first PDSCH is not shorter than the first PDSCH processing time (e.g. N1 of the first PDSCH), UE processes both PDSCHs; otherwise, UE may skip decoding the first PDSCH.
Proposal 4: For out-of-order HARQ-ACK feedback, UE generates HARQ-ACK for both of the PDSCHs. UE shall generate NACK if UE skips decoding the PDSCH.
Out-of-order PUSCH
Similar as out-of-order HARQ, for out-of-order PUSCH, UE should be able to transmit both PUSCHs if the gap between the two PUSCHs is sufficient for preparation of the first PUSCH which is transmitted later than the second PUSCH as shown in Figure 5.


[bookmark: _Ref6923771]Figure 5: sufficient preparation time for PUSCH1
Observation 3: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is sufficient for preparation of the first PUSCH, UE should be able to process both PUSCHs.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Based on the above observation, it is proposed that UE processes both PUSCHs if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is not shorter than the preparation time of the first PUSCH. 
Proposal 5: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is not shorter than the preparation time of the first PUSCH (e.g. N2 of the first PUSCH), UE processes and transmits both PUSCHs.
Otherwise if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is shorter than the preparation time of the first PUSCH, UE may not be able to process both PUSCHs. PUSCH scheduled by the later DCI should always have the higher priority and UE should terminate the processing of the processing of the first PDSCH scheduled by the earlier DCI if UE cannot process both.
Proposal 6: For out-of-order PUSCH, UE should terminate the processing of the first PUSCH scheduled by the earlier DCI if UE cannot process both.
If the two PUSCHs are not overlap in time, UE should be able to cancel PUSCH1 transmission entirely. If the two PUSCHs are overlap in time, UE may or may not be able to entirely cancel the transmission of PUSCH1. But at least UE should be able to terminate the PUSCH1 transmission from the start of PUSCH2.


Figure 6: UE cancels/terminates PUSCH1 transmission if there is no sufficient preparation time
Proposal 7: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is shorter than the preparation time of the first PUSCH (e.g. N2 of the first PUSCH), UE cancels the transmission of the first PUSCH if the two PUSCHs are not overlap in time and UE terminates the transmission of the first PUSCH from the start of the second PUSCH if the two PUSCHs are overlap in time.
Similar as proposal 1, it is proposed that the minimum PUSCH preparation time (N2) of the second PUSCH is not increased when the UE drops the processing of the first PUSCH.
Proposal 8: For out-of-order PUSCH scheduling, the minimum PUSCH preparation time (N2) of the second PUSCH is not increased when the UE drops the processing of the first PUSCH.
Out-of-order PDSCH scheduling with overlapping PDSCHs in time
Scenario 1 in [2] considers a case where a UE has sequentially received two DL assignments with overlapping radio resources in time. Two scenarios were identified in case two unicast PDSCHs for a UE are overlapping in time as shown in Figure 1.
· Scenario 1-1: Overlapping in the time domain and not in the frequency domain
· Scenario 1-2: Overlapping both in the time and frequency domains


Figure 7: Scenarios of two PDSCHs overlap in time
In contrast to the DL pre-emption case specified in Rel-15 for inter-UE DL multiplexing, a first consideration for scenario 1 is whether a UE can simultaneously process two PDSCHs. Anyway it is expected that not all the UEs are capable of processing both PDSCHs overlap in time. For UE that does not support processing of two PDSCHs overlap in time, UE terminates the processing of the PDSCH scheduled by the earlier DCI.
Proposal 9: If UE does not support processing of two PDSCHs overlap in time, UE terminates the processing of the PDSCH scheduled by the earlier DCI and UE generates NACK for the PDSCH.
Conclusion
This contribution discussed out-of-order scheduling and out-of-order HARQ. A few proposals are as follows:
Observation 1: In Rel-15, for the UE indicating capability 2 PDSCH processing time for 30 kHz SCS with restricted PDSCH max allocation of no more than 136 PRBs, no additional processing time is required for the later PDSCH if UE skips decoding the earlier PDSCH.
Observation 2: For out-of-order HARQ, if the time interval between the end of the first PDSCH and the start of the second PDSCH which is received after the first PDSCH is sufficient for the first PDSCH processing, UE should be able to process both PDSCHs.
Observation 3: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is sufficient for preparation of the first PUSCH, UE should be able to process both PUSCHs.
Proposal 1: For out-of-order HARQ feedback, the minimum PDSCH processing time (N1) of the second PDSCH is not increased when the UE drops the processing of the first PDSCH.
Proposal 2: For out-of-order HARQ, UE should terminate the processing of the first PDSCH scheduled by the earlier DCI if UE cannot process both.
Proposal 3: For out-of-order HARQ-ACK feedback, if the time interval between the end of the first PDSCH and the start of the second PDSCH which is received after the first PDSCH is not shorter than the first PDSCH processing time (e.g. N1 of the first PDSCH), UE processes both PDSCHs; otherwise, UE may skip decoding the first PDSCH.
Proposal 4: For out-of-order HARQ-ACK feedback, UE generates HARQ-ACK for both of the PDSCHs. UE shall generate NACK if UE skips decoding the PDSCH.
Proposal 5: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is not shorter than the preparation time of the first PUSCH (e.g. N2 of the first PUSCH), UE processes and transmits both PUSCHs.
Proposal 6: For out-of-order PUSCH, UE should terminate the processing of the first PUSCH scheduled by the earlier DCI if UE cannot process both.
Proposal 7: For out-of-order PUSCH scheduling, if the time interval between the end of the second PUSCH and the start of the first PUSCH which is scheduled to be transmitted after the second PUSCH is shorter than the preparation time of the first PUSCH (e.g. N2 of the first PUSCH), UE cancels the transmission of the first PUSCH if the two PUSCHs are not overlap in time and UE terminates the transmission of the first PUSCH from the start of the second PUSCH if the two PUSCHs are overlap in time.
Proposal 8: For out-of-order PUSCH scheduling, the minimum PUSCH preparation time (N2) of the second PUSCH is not increased when the UE drops the processing of the first PUSCH.
Proposal 9: If UE does not support processing of two PDSCHs overlap in time, UE terminates the processing of the PDSCH scheduled by the earlier DCI and UE generates NACK for the PDSCH.
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