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1 Introduction

At RAN #83, a work item on physical layer enhancements for URLLC (“eURLLC”) was approved. The WI includes the following objectives related to scheduling/HARQ enhancements [1]:

· 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 
In this contribution, we share our views on the above objectives following from discussions and decisions arrived at during RAN1 #96 meeting.
2 OOO HARQ-ACK for PDSCHs with different HARQ PIDs
Towards simplifying the UE implementation, out-of-order HARQ (for PDSCH) and scheduling (for PDSCH and PUSCH) are not supported in Rel-15 NR. It has been suggested that such flexibility can be beneficial considering URLLC use cases, especially considering UEs with traffic belonging to a mixed set of latency and reliability requirements as well as the potential need for scheduling flexibility at the NW side to efficiently multiplex intra- and inter-UE traffic in the cell. Accordingly, at RAN #83, it was agreed to provide specification support for OOO HARQ-ACK for PDSCHs and OOO PUSCH scheduling, both with different HARQ PIDs between the respective PDSCHs and PUSCHs. We focus on the first case in this section, while OOO PUSCH scheduling is discussed in Section 3.

During RAN1 #96, the following was agreed on OOO HARQ-ACK for PDSCHs with different HARQ PIDs:
	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.


Next, we take a quick look at the different solutions being considered so far:

· Solution 1 states that the UE may or may not process the first PDSCH. Thus, it leaves it up to UE implementation whether or not the first PDSCH is processed. Effectively, from a performance perspective, this makes Solution 1 as being in the same category as Solution 4-Alt1 where the first PDSCH is always dropped. 
· Solution 2 provides the best performance, if feasible. The feasibility of Solution 2 is discussed in the sequel. 

· Solution 3 suggests a UE capability framework that aims to consider CA capabilities being traded off in order to process both PDSCHs. The trading off is facilitated via imposing certain conditions under which the UE may expect OOO HARQ-ACK for PDSCH. 
· Notwithstanding the question on whether such trading off of CA capabilities are necessary to support OOO HARQ-ACK for PDSCH (as discussed below), in our view, this solution is not generic enough considering possibly different UE architectures. Specifically, as implied by the example, the solution assumes flexible sharing of CA resources within the UE. However, this may not be feasible or helpful for UE implementations that do not have flexible sharing of processing resources across component carriers. In other words, the specifications still would need to cater to UEs that may not benefit from such trading off of CA (or other) capabilities. At the same time, it would be quite challenging and cumbersome (in terms of spec efforts as well as gNB scheduler), if different sets of conditions are specified and reported by different UEs depending on their architectural constraints. 
· Solution 4 is based on the assumption that at least under some cases, the first PDSCH is to be dropped, and further considers various options to (re-)define the “first PDSCH”. 
· It also suggests that additional processing time margin may be considered for the processing of the second PDSCH considering potential impact from the need to interrupt the processing of the first PDSCH. For this detail, it should be noted that such consideration may apply to all the four solution approaches. 

· On defining the “first PDSCH” that may be dropped, one option is to consider dropping of PDSCHs in other carriers. Again, similar to Solution 3, this option relies on particular assumptions on UE architecture, dimensioning, and resource partitioning/sharing for handling of multiple component carriers, and makes the overall handling significantly complex (need to consider impact from potential mix of different numerologies across carriers, different time-lines and scheduling (self- or cross-carrier scheduling), etc.) if PDSCHs in other CCs are considered for dropping, while it remains unclear if it offers any material advantage to the UE or NW.

· There is also the consideration on whether or not OOO HARQ-ACK for PDSCH be supported only when the two PDSCHs are associated with different minimum UE processing times. In our view, OOO HARQ-ACK for PDSCH is a feature aiming to provide scheduler flexibility considering the challenges in scheduling in a spectrally efficient manner while satisfying extremely strict latency and reliability targets. Hence, the benefits of OOO HARQ-ACK for PDSCH should also be available for the case wherein both PDSCHs are associated with same UE minimum processing time capabilities. 

· In fact, if a UE can support OOO HARQ-ACK for PDSCHs associated with different minimum UE processing times, assuming that the first PDSCH is associated with the relaxed capability, then the impact to pipelining would be even less for the UE to support OOO HARQ-ACK for PDSCHs associated with the same minimum processing time capabilities. Thus, if the operation is feasible from the UE perspective, then such restrictions that reduce the applicability of the feature to gNB scheduling should be avoided.
On feasibility of Solution 2

Next, we consider whether or not termination of processing of the first PDSCH is necessary for this case at all. In this regard, we observe that handling of OOO channels primarily poses challenges to the UE pipelining; thereby, to control/scheduling procedures within the UE. Constraints related to signal processing aspects (TBS, PRBs, etc.) may not help in a material way in this regard as long as the minimum processing times for each process is satisfied. Hence, defining conditions related to physical layer signal processing procedures are not likely to provide any material benefits towards support of OOO HARQ-ACK for PDSCHs. 
Even for Rel-15 the UE needs to handle cases wherein two PDSCHs are scheduled in sequence such that their HARQ-ACK feedback is multiplexed together in a single slot. This implies that perfect pipelining-based operation isn’t always the case in Rel-15 and the UE has to anyway handle this case wherein the HARQ-ACK for the second PDSCH does not occur after that for the first PDSCH. Similar situations arise in various CA scenarios as well. Thus, compared to the case wherein the HARQ-ACK feedback of two PDSCHs scheduled in sequence, are transmitted together, the main difference is that now, with OOO HARQ-ACK, the UE transmits the HARQ-ACK for the second PDSCH before that for the first PDSCH. This is mainly a firmware issue, under the assumption that the respective minimum UE processing times are satisfied for each HARQ process. 

Hence, as long as the number of PDSCH-to-HARQ-ACK flows that are OOO with respect to each other is limited, a UE with the corresponding capability (mostly at firmware-level) should be able to process both PDSCHs. In this regard, it is important to limit the number of PDSCHs that the UE may find OOO with a first PDSCH in order to keep the complexity in the UE control flow manageable. Further, from a use-case perspective, there is almost no motivation to allow for nesting of multiple sets of OOO PDSCH-to-HARQ-ACK flows. 

Based on the above discussion, we propose the following: 
Proposal 1:

· 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.

· The UE only expects a maximum of one OOO PDSCH-to-HARQ-ACK flow on the active BWP of a given serving cell.
· The UE processes both the first and second PDSCHs as a UE capability with no condition (Solution 2).

3 OOO PUSCH scheduling with different HARQ PIDs

In this section, we consider out-of-order (OOO) PUSCH scheduling with different HARQ PIDs for two sub-cases: (1) wherein the two scheduled PUSCHs do not have any time-domain overlaps, and (2) wherein the two scheduled PUSCHs overlap in time-domain in at least one symbol.
3.1 OOO PUSCH scheduling with no time-domain overlaps

During RAN1 #96, the following was agreed on OOO HARQ-ACK for PUSCHs with different HARQ PIDs:

	Agreements:

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 schedeuled 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.


For the case when the two PUSCHs do not have any time-domain overlaps, the same observations on Solutions 1 through 4 presented in relation to OOO HARQ-ACK for PDSCHs in Section 2 hold, and hence, not repeated here.
On feasibility of Solution 2

Similar considerations on feasibility of Solution 2 and the impact primarily being related to UE firmware, as explained in Section 2, apply for OOO PUSCH scheduling as well. 

Further, also similar to the OOO HARQ-ACK case, there exists examples from Rel-15 that also impact the pipelined operations at the UE. One such example is the case of OOO PUSCH scheduling between two PUSCHs, one with and one without UL-SCH. For Rel-15, the UE firmware already needs to handle such cases. Then, as long as the number of such OOO flows are limited, and the minimum UE processing times for each process is satisfied, the UE supporting this feature should be able to prepare and transmit both PUSCHs. 
Thus, we propose the following for the case of no time-domain overlaps between the two PUSCHs.

Proposal 2:

· 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 end 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. Under the condition that the two PUSCHs do not overlap in time:
· The UE only expects a maximum of one OOO PDCCH-to-PUSCH flow on the active BWP of a given serving cell.
· The UE processes both the first scheduled and second scheduled PUSCHs as a UE capability with no condition (Solution 2).

3.2 OOO PUSCH scheduling with time-domain overlaps

Next, we consider the case wherein the two PUSCHs may have time-domain overlaps. In this case, it has been agreed that the UE always drops the first PUSCH. However, due to the reference to Solution 4 on details of dropping, it remains open as to whether the “first PUSCH” is the PUSCH that is scheduled in the same serving cell that is OOO to the prioritized (second) PUSCH, or some other PUSCHs in other serving cells may be dropped instead for a UE configured with UL CA. Specifically, we have the following alternatives:

· 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.
For the case when two PUSCHs overlap in time in the same serving cell, adopting Alt1 is the natural option. Expecting the UE to transmit both PUSCHs in a single serving cell (a feature with significant impact to UE implementation and adverse impact to coverage due to potential power back-offs), while dropping PUSCHs in other UL CCs would be a counter-productive choice with significant complications to both UE and specifications, and likely coming with a performance penalty as well. 
Hence, the simplest option would be to follow Alt1 and drop the processing of the first scheduled PUSCH on the same serving cell.

There are some further details to consider in terms of minimizing the impact to UE implementation in dropping of the first PUSCH that may have already started. Specifically, whether or not there needs to be further constraints on partial or full cancelation of the first PUSCH needs further investigations. 
Proposal 3:

· 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 end 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. Under the condition that the two PUSCHs have time-domain overlaps:

· The UE processes the second scheduled PUSCH and drops the processing of the first scheduled PUSCH on the same serving cell.
4 DL data/data resource conflicts for PDSCH in time-domain

In this section, we discuss DL transmission prioritization, i.e., when a UE is assigned more than one PDSCH in overlapping resource. This scenario for intra-UE DL multiplexing was identified by RAN WG2 as part of Rel-16 studies on IIoT and RAN WG1 was requested to study this scenario described as [2]:

“This scenario considers a case where a UE has sequentially received two DL assignments with overlapping radio resources in time. RAN2 assumes that by the later DL assignment has priority over the earlier DL assignment, considering that in principle the gNB will only give an assignment that overlaps with previous assignment for higher priority traffic. Based on such assumption, RAN1 should study solutions for prioritizing later received DL assignments.”

In Rel.15, it is not permitted that the HARQ-ACK feedback of a PDSCH is scheduled earlier than the HARQ-ACK feedback for another earlier scheduled PDSCH. However, in order to meet the latency budget of more urgent traffic, out of order HARQ-ACK transmission can be useful. For example, for a UE supporting both eMBB and URLLC, URLLC packet may arrive during ongoing eMBB transmission, and transmission of URLLC packet may need to be completed before eMBB packet.
Depending on the timeline of the scheduled PDSCHs, we can identify three cases considering two PDSCHs, where grant for second PDSCH is received after the grant of first PDSCH and HARQ-ACK time of second PDSCH is scheduled before the HARQ-ACK time of first PDSCH

a) Resources assigned for first and second PDSCHs overlap in time and frequency

b) Resources assigned for first and second PDSCHs overlap in time but not in frequency

c) Resources assigned for first and second PDSCHs do not overlap and second PDSCH starts after first PDSCH


[image: image1]Figure 1: Out of order scheduling of two PDSCHs where HARQ-ACK time of later scheduled PDSCH can be before the earlier scheduled PDSCH.
Three cases are illustrated in Figure 1. Considering the current objective for the WI, cases a) and b) are within scope of this objective, while case c) was discussed in Section 2.

Next, we describe the related UE behaviors for cases a) and b):
Case a) 
· First PDSCH is dropped, from where the overlap starts. Consequently, UE reports a NACK as HARQ-ACK feedback corresponding to the first PDSCH. 
Case b) 

· If UE is not capable of handling parallel processing, then processing of the first PDSCH is dropped. Consequently, UE reports a NACK as HARQ-ACK feedback corresponding to the first PDSCH.

· If UE is capable of handling parallel PDSCH transmissions, then in Rel-16, it needs to be specified what is the maximum number of parallel unicast PDSCHs UE would expect, for example, at most two. Moreover, relaxations to the PDSCH minimum processing times are likely in this case to ensure HARQ-ACK timeline of both transmissions are met

· It needs further discussion how semi-static HARQ-ACK codebook can be configured if more than one PDSCH transmission is allowed in same PDSCH candidate position in a slot, which may be necessary to satisfy latency of some urgent traffic. 

Considering the above, it is noted that the specifications need to support the handling of these cases for the UE not capable of simultaneous reception of multiple unicast PDSCH within a serving cell. Further, as noted above, in such cases, the UE may terminate the processing of the first scheduled PDSCH (or “first PDSCH” as OOO scheduling between PDCCH and PDSCH should still be restricted). 
On the other hand, support of parallel processing of multiple PDSCHs with time-domain overlaps would be a further enhancement offering an optional UE capability, and may be considered later. Here, it is noted that there is a significant correlation between such parallel processing capability and support of multi-TRP features wherein a UE may also receive two or more PDSCHs from different TRPs with time-domain overlaps. While the detailed handling and spec-impact could be different for the feature considered in eURLLC and that as part of multi-TRP-related enhancements in eMIMO, the basic baseband processing capabilities can be expected to be strongly correlated w.r.t. being able to receive and process multiple PDSCHs received in overlapping time-domain resources. 

Based on this, it is recommended that RAN1 prioritizes the handling of the case wherein the processing of the first PDSCH is terminated and that the further consideration on simultaneous reception of multiple PDSCHs as an optional UE capability within eURLLC WI is deferred until further clarity is achieved within eMIMO WI on related issue. 
Proposal 4

· The handling of the case wherein the UE is not able to receive and process more than one unicast PDSCH simultaneously is prioritized.
· Further consideration on simultaneous reception of multiple PDSCHs as an optional UE capability within eURLLC WI is deferred until further clarity is achieved within eMIMO WI on related issue.

Identification of Priority: UE identifies that second PDSCH is prioritized over first PDSCH based on timeline of occurrence, i.e., based on some rules satisfied. It is understood that network may only schedule two PDSCHs in an overlapping manner, if the later scheduled one is more urgent than the first one. Similarly, the HARQ-ACK feedback of the later scheduled PDSCH can be consequently prioritized if the resource collides with other UL transmission or if it cannot be reliably multiplexed within other UL channel. Hence, in our opinion, PHY differentiation by explicit L1 indication is not necessary for identification of priority for processing overlapping PDSCHs. 

In further detail, even if L1 indication of priority of a PDSCH is supported, the expected behavior in case of two PDSCHs with overlapping time/frequency resources would still need to be such that the PDSCH scheduled later is prioritized. This is because, if the first PDSCH is to be prioritized (e.g., indicated as high priority via L1 signaling), then there is no reason for the gNB scheduler to have scheduled a second PDSCH overlapping with the first. Thus, the prioritization in case of any resource overlaps between two PDSCHs would need to be still based on relative timing, thereby making the L1 indication of priority redundant. 
Observation 1
· PHY layer service differentiation is not necessary for DL intra-UE prioritization. 

Proposal 5
· In case of DL data/data resource conflicts for overlapping PDSCHs in time-domain, scheduled by dynamic DL assignments, UE prioritizes the latter PDSCH and may terminate the processing of the earlier PDSCH.
5 Conclusions

In this contribution, we presented our views on scheduling/HARQ enhancements for Rel-16 eURLLC. Based on the presented discussion, we have the following observations and proposals:
Proposal 1:

· 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.

· The UE only expects a maximum of one OOO PDSCH-to-HARQ-ACK flow on the active BWP of a given serving cell.
· The UE processes both the first and second PDSCHs as a UE capability with no condition (Solution 2).

Proposal 2:

· 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 end 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. Under the condition that the two PUSCHs do not overlap in time:

· The UE only expects a maximum of one OOO PDCCH-to-PUSCH flow on the active BWP of a given serving cell.
· The UE processes both the first scheduled and second scheduled PUSCHs as a UE capability with no condition (Solution 2).

Proposal 3:

· 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 end 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. Under the condition that the two PUSCHs have time-domain overlaps:

· The UE processes the second scheduled PUSCH and drops the processing of the first scheduled PUSCH on the same serving cell.
Proposal 4


· The handling of the case wherein the UE is not able to receive and process more than one unicast PDSCH simultaneously is prioritized.
· Further consideration on simultaneous reception of multiple PDSCHs as an optional UE capability within eURLLC WI is deferred until further clarity is achieved within eMIMO WI on related issue.

Observation 1
· PHY layer service differentiation is not necessary for DL intra-UE prioritization. 

Proposal 5
· In case of DL data/data resource conflicts for overlapping PDSCHs in time-domain, scheduled by dynamic DL assignments, UE prioritizes the latter PDSCH and may terminate the processing of the earlier PDSCH.
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