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1. Introduction
At RAN1 #98bis, a number of agreements were reached concerning out of order PDSCHs:

Agreements:
If RAN1 supports Case 0 of Proposal 1’ of [98-NR-15], if the UE supports out-of-order HARQ operation, and if PDSCHs are non-overlapping in the time domain:
· The UE processes all PDSCHs without dropping, except
· The Rel. 15 UE fallback to capability 1 and dropping behavior for a UE reporting pdsch-ProcessingType2-Limited is supported. 
· Note: Under Case 0, additional DMRS and capability 2 cannot be simultaneously configured on a given carrier.

Agreements:
If RAN1 supports Case 1 and/or Case 2 of Proposal 1’ of [98-NR-15], and if the UE is not capable of processing all PDSCHs under some condition(s), and if PDSCHs are non-overlapping in the time domain then:
· The UE always processes the PDSCH associated with capability 2
· FFS whether or not subject to Rel-15 restrictions (if any)
· The UE processes the PDSCH associated with capability 1 if its last symbol is at least N1 symbols before the start of the PDSCH associated with capability 2. 
· N1 is the minimum processing timeline for capability 1.
· Further discussion offline whether or not to include the case when the PDSCH associated with capability 2 is before the PDSCH associated with capability 1 and if so, details
· Otherwise, the UE may skip decoding the PDSCH associated with capability 1. 
· HARQ-ACK should be reported for the PDSCH associated with capability 1.
· If RAN1 supports extending the minimum processing of the PDSCH associated with capability #2 by d symbols in case the PDSCH associated with capability 1 needs to be dropped, the value of d should be less than or equal to 2 symbols at least for SCS = 15/30KHz. 
· FFS: The exact value of d to be decided by RAN1 #99. 
· FFS: The value of d for other SCSs 

We note while the agreements captured some details of solutions under various scenarios, the more fundamental question whether those scenarios (or cases) should be supported was left undecided. 


In this contribution, we provide our views on enhancements to scheduling/HARQ for URLLC. We mainly focus the discussion on OOS (out of order) issues for PDSCH. A similar consideration can be applied to PUSCH as well.
2. Discussion on eMBB/uRLLC traffic mix
2.1 Suitability of using a single PDSCH processing timeline capability for eMBB/uRLLC traffic mix

NR Rel-15 specifies PDSCH processing time capability #1 (Cap #1) and PDSCH processing time capability #2 (Cap #2). At a given carrier, either Cap #1 or Cap #2 can be configured subject to the reported UE capability. Furthermore,  if a UE reports its support of Cap #2 with scheduling restriction at 30 KHz, fallback/dropping behavior on the UE side is specified. As the processing timeline for Cap #2 is much more stringent than that for Cap #1, support of Cap #2 involves non-trivial development and testing efforts beyond those for Cap #1.

If there is abundant spectrum for a deployment, eMBB and uRLLC can be supported on separate carriers and the traffic mix scenario with eMBB/URLLC traffic on the same carrier is less likely to arise. When the available spectrum for a deployment is scarce, it becomes necessary to carry eMBB and uRLLC traffics on the same carrier. Of course, there may be other reasons to support eMBB/URLLC on the same carrier. We would like to clarify that OOS originates from and is motivated by the support of a traffic mix and support of OOS per se in the absence of a traffic mix is not well motivated. Hopefully, this could guide us through the deliberation on all the cases discussed at RAN1 #98bis. 

If a CC with Cap #1 were used for eMBB and URLLC, the latency associated with cap #1 would be too large to meet the stringent latency requirement for URLLC. We note in latency evaluations captured in the Rel-16 uRLLC TR [1],   Cap #2 values are assumed, and some companies even have demonstrated improvement over Cap #2 may be necessary. Hence support OOS when a CC is configured with Cap #1 only is neither beneficial nor sufficient in supporting URLLC. We have

Observation 1: eMBB and uRLLC traffic mix cannot be supported on the same CC configured with Cap #1 only.


In a mobile broadband system, depending on the UE velocity and system’s carrier frequency, the time domain channel variation over a long transmission duration can be substantial, hence front-load DMRS alone is inadequate in capturing the channel variation when the transmission duration is long, e.g. over 12 symbols. With cap #2, only front-load DMRS is supported. Using a front-load DMRS alone for a long transmission duration (say 12 symbols) would lead to much degraded channel estimation performance. As such, we note that eMBB, which is typically transmitted for long channel durations, is not well supported with cap #2. Of course, it is also possible to divide the available OFDM symbols in a slot into a number of mini-slots, so the issue with degraded channel estimation due to front load DMRS is mitigated for eMBB. However, in that case, a host of issues may arise: PDCCH capacity, UE’s PDCCH monitoring capability, number of HARQ processes, increased DMRS overhead overall due to each mini-slot having its own DMRS etc., hence we also don’t see that as a feasible alternative. We have

Observation 2: eMBB and uRLLC traffic mix is not well supported on the same CC configured with Cap #2 only.

Observation 3: Considering Observations 1 and 2, motivation for support of out of order HARQ operation on the same processing timeline is lacking; and modification to Cap #1 will not deliver material benefits to uRLLC.

Assume both Cap #2 and Cap #1 are implemented in a UE with CA capability, and with a traffic mix on the same CC, its processing power for multiple CCs can be put to good use by effectively supporting two virtual CCs on one actual CC.  Cap #1 and Cap #2 processing can run in parallel and the extra effort to enable eMBB/uRLLC traffic mix on the same CC is more modest. In contrast, if the CA capability-based solution is not pursued and the UE is required to support an eMBB/uRLLC traffic mix, then Cap #1, Cap #2 (targeting separate carriers for eMBB/uRLLC) and a much enhanced Cap #2 need to be implemented. 



3. Analysis on cases to support OOS

From discussions at RAN1 #98bis, five cases were enumerated to cover various mechanisms to support an eMBB /uRLLC traffic mix, considering processing timeline, physical layer priority indication, and overlapping and non-overlapping cases [2]:

Proposal #2-10: For Rel. 16 URLLC, the following cases are supported:
· Case 1: The out-of-order HARQ operation for two unicast and non-overlapping PDSCHs on a carrier with a single minimum processing timeline capability
· Supported by a UE that reports the support for out-of-order HARQ handling 
· If supported by the UE, then both PDSCHs are always processed, except 
· The Rel. 15 UE fallback to capability 1 and dropping behaviour for a UE reporting pdsch-ProcessingType2-Limited is supported
· Case 2: Collision handling between two overlapping unicast PDSCHs on a carrier configured with a single minimum processing timeline capability 
· Case 2-b: The UE always processes both PDSCHs under both Scenario 1-1 and 1-2 
· Both PDSCHs are decoded without any modification in Scenario 1-2
· Case 2-c: The UE always processes the high priority PDSCH and may skip decoding the low priority PDSCH under both Scenario 1-1 and 1-2 
· Under Case 2-c, the minimum processing timing capability of the high priority PDSCH is extended by d symbols. FFS the value of d per SCS. FFS if d per SCS can be reported as a UE capability. 
· The value of d is smaller than or equal to 2 symbols for all SCSs.
· The two unicast PDSCHs are scheduled by respective PDCCHs with different starting symbols.
· For each of Case 2-b and 2-c, the UE reports whether the case is supported or not.
· The explicit PDSCH priority indication is supported for both Case 2-b and 2-c, e.g., bit in the DCI, RNTI, non-overlapping search space, CORESET and DCI formats with different sizes
· For the PDSCH priority indication, define two UE capabilities for each of the Case 2-b and 2-c:
· The explicit indication of the PDSCH priority by the DCI is required.
· The explicit indication of the PDSCH priority by the DCI is not required, i.e., if the indication is absent, the PDSCH that is scheduled by a PDCCH with the later starting symbol is of higher priority.
· Case 3: Both minimum processing timeline Capability #1 and Capability #2 for UE can be configured on a given carrier and different PDSCHs can be associated with different minimum processing timeline on a given carrier.
· Case 3-a: The UE processes both PDSCHs without dropping when they are non-overlapping or overlapping under both Scenario 1-1 and Scenario 1-2 
· Both PDSCHs are decoded without any modification in Scenario 1-2
· The minimum processing timeline is known by the UE before decoding the DCI.
· FFS how the minimum processing of PDSCHs is derived, e.g., by CORESET, non-overlapping search space  
· For PDSCH(s) scheduled with PDCCH associated the same minimum processing time capability at Cap #2, the Rel. 15 UE fallback to capability 1 and dropping behavior for a UE reporting pdsch-ProcessingType2-Limited is supported.
· Case 3-b: 
· If the two PDSCHs are non-overlapping:
· The UE always processes the PDSCH associated with capability 2
· The UE processes the PDSCH associated with capability 1 if its last symbol is at least N1 symbols before the start of the PDSCH associated with capability 2. 
· N1 is the minimum processing timeline for capability 1.
· Otherwise, the UE may skip decoding the PDSCH associated with capability 1. 
· HARQ-ACK should be reported for the PDSCH associated with capability 1.
· If the two PDSCHs are overlapping, the UE always processes the high priority PDSCH and may skip decoding the low priority PDSCH. 
· The two unicast PDSCHs are scheduled by respective PDCCHs with different starting symbols.
· The explicit PDSCH priority indication is supported for Case 3-b, e.g., bit in the DCI, RNTI, non-overlapping search space, CORESET and DCI formats with different sizes
· The explicit indication can be configured. If absent, the PDSCH that is scheduled by a PDCCH with the later starting symbol is of higher priority.
· FFS how the association of the PDSCHs to the corresponding UE minimum processing time is determined for Case 3-b. 
· Under Case 3-b, the minimum processing timing capability of the high priority PDSCH is extended by d symbols. FFS the value of d per SCS. FFS if d per SCS can be reported as a UE capability. 
· The value of d is smaller than or equal to 2 symbols for all SCSs.
· For Case 3-a, the PDSCHs associated with the same minimum processing time capability should not be overlapped in the time domain.
· For Case 3-b, two PDSCHs associated with the same minimum processing time capability may overlap.
· For both Case 3-a and 3-b, out-of-order PUCCH and PDSCH overlap across PDSCHs configured with different minimum processing time capabilities is supported.
· For each of Case 3-a and 3-b, the UE reports whether the case is supported or not.
· FFS: For Case 3-a, the PDSCHs associated with the same minimum processing time capability satisfy all Rel-15 TB processing limitations that are applicable to TBs within a CC, e.g. in Section 5.1.3 of 38.214.
· FFS: For Case 3-a, the PDSCHs associated with different minimum processing time capability don’t need to jointly satisfy those Rel-15 TB processing limitations that are applicable to TBs within a CC, e.g. in Section 5.1.3 of 38.214.
· FFS: For Case 3b, the PDSCHs associated with same or different minimum processing time capability do need to satisfy those Rel-15 TB processing limitations that are applicable to multiple TBs within a CC, e.g. in Section 5.1.3 of 38.214.
· Both Options 1 and 2 of enhanced PDCCH design under AI 7.2.6.1 for Rel. 16 URLLC are supported. 
FFS whether/how the support for Option 1 and 2 enhanced PDCCH design are linked with Case 1, Case 2, Case 3-a, and Case 3-b. 

Compared with the agreements from RAN1 #98bis as captured in Section 1, proposal #2-10 makes some useful clarifications. These clarifications should be non-controversial and used for future discussions:
· the UE behavior with overlapping PDSCHs under Scenario 1-2: Under Cases 2-b and 3-a, and in general when overlapping PDSCHs in scenario 1-2 are processed at the UE without dropping, they are processed independently without modification, meaning the effect of one PDSCH to another can be handled in the regular UE processing, e.g. through channel estimation/noise estimation, and no special treatment is mandated at the UE.
· TB processing limitation as in Section 5.1.3 of TS 38.214: By the inclusion of TB processing limitations in Proposal #2-10, the underlying assumptions on UE processing capability for Case 3-a and Case 3-b are made clear.

In Figure 1, we provide a summary of our understanding on different cases to support OOS.
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Figure 1 Summary of Cases from Proposal #2-10 (RAN1 #98bis)

With Case 3-a, a UE’s CA capability can be utilized to support an eMBB/URLLC traffic mix on the same carrier. As the processing for PDCCH, PDSCH and HARQ feedback can be clearly divided between eMBB and URLLC traffic, which require Cap #1 and Cap #2 respectively, implementations with Cap #1 and Cap #2 can be leveraged and separately optimized. Under 3-a, the UE needs to know the minimum processing timeline of a scheduled PDSCH, so processing of each PDSCH can be dispatched to the right virtual CC. To achieve this, a number of approaches have been considered: in one approach the identification of minimum processing timeline is through the CORESET associated with the scheduling DCI. Other approaches include the search space associated with the scheduling DCI and/or DCI size, etc. It is clear the minimum timeline indication is intricately connected with PDCCH monitoring enhancements. All the approaches should be checked on their implications on the number of blind decodes and the number of non-overlapping CCEs a UE is expected to handle over a slot or a span. It is prudent to settle on a signaling method only after thorough analysis on those approaches. 

Overall we see the following points as key for further discussion:
· Signaling of physical layer priority or minimum processing timeline for PDSCH;
· UE processes overlapping PDSCHs under scenario 1-2 without modification;
· Rel-15 fallback behavior on the fast processing timeline (i.e. Cap #2);
· The UE does not expect to be scheduled with overlapping PDSCHs under the same minimum processing timeline.
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Figure 2 Dropping rule for non-overlapping PDSCHs under Case 3-b
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Figure 3 Dropping rule for overlapping PDSCHs under Case 3-b
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Figure 4 Exclusion zone under Case 3-b
Under Case 3-b, for non-overlapping PDSCHs as shown in Figure 2, a design similar to the fallback behavior under Cap #2 is used, so that if the time separation between a Cap #2 PDSCH and a Cap #1 PDSCH is large enough (no less than , the Cap #1 PDSCH is processed, otherwise it is dropped. For overlapping PDSCHs, shown in Figure 3, the low priority PDSCH presumably a Cap #1 PDSCH is dropped. We observe that the Cap #2 PDSCH effectively creates an exclusion zone (with at least symbols) within which any Cap #1 PDSCH will be dropped as shown in Figure 4. Its implication to gNB scheduling/eMBB traffic should be dwelled upon and investigated. Similar to that in Case 3-a, the UE is also aware of the minimum processing timeline of a scheduled PDSCH. On the top of explicit signaling as considered under Case 3-a, implicit signaling in the form of PDCCH scheduling timing is also considered to derive scheduling priority for overlapping PDSCHs. 

From discussion in Section 2, cases with single processing timeline only should be deprioritized as they do not provide adequate solutions for eMMB/uRLLC traffic mix: 

· With Case 1, OOS is supported for non-overlapping PDSCHs on the same processing timeline. While it is relatively simple and arguably involves the least modification among all cases, the question remains whether supporting Case 1 delivers material benefits to eMBB/URLLC traffic mix.  

· With Case 2-b, OOS is supported for overlapping PDSCHs on the same processing timeline by leveraging a UE’s CA capability. In this case, the physical layer priority of PDSCH can be indicated by approaches considered under Case 3-a. Assuming a UE’s capability of supporting Case 3-a, it seems Case 2-b can be supported with little additional effort. However, just as for Case 1, we also have the question what benefits would be derived from supporting Case 2-b.

· With Case 2-c, OOS is supported for overlapping PDSCHs on the same processing timeline. Enhanced Cap #1 or enhanced Cap #2 is needed to support Case 2-c.  While the required specification effort appears to be large, the benefits remain unclear. 

In summary, Case 3-a provide a good support for an eMBB/uRLLC traffic mix. While case 3-b shares some similarity to case 3-a in terms of handling two processing timelines on the same carrier, however Cap #2 PDSCH can effectively create an exclusion zone around itself and its implication to gNB scheduling and eMBB traffic should be investigated. The benefits of supporting either Case 1, Case 2-b, Case 2-c are unclear. Hence we have

Proposal: Using Proposal #2-10 as a starting point for further discussion on OOS for PDSCHs, focus on Case 3-a and Case 3-b, and further clarify points under Case 3-a and Case 3-b, including the control channel aspect.
Conclusions
 In this contribution, we review cases with the support of OOS for PDSCH. We have 

Observation 1: eMBB and uRLLC traffic mix cannot be supported on the same CC configured with Cap #1 only.

Observation 2: eMBB and uRLLC traffic mix is not well supported on the same CC configured with Cap #2 only.

Observation 3: Considering Observations 1 and 2, motivation for support out of order on the same processing timeline is lacking; and modification to Cap #1 will not deliver material benefits to uRLLC.

Proposal: Using Proposal #2-10 as a starting point for further discussion on OOS for PDSCHs, focus on Case 3-a and Case 3-b, and further clarify points under Case 3-a and Case 3-b, including control channel aspect.
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