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1 [bookmark: _Ref40465791]Introduction
In this contribution, we present our views on a recently identified issue for Rel-15/16 specifications regarding support of Capability 2 based minimum UE processing time for PDSCH processing in a serving cell in relation to DCI format 1_0. 
During RAN1 #105-e meeting, the issue was discussed with the conclusion to continue discussions at RAN1 #106-e as noted below [1]:
	Issue#5
R1-2105964	PDSCH processing time per Capability 2 and DCI format 1_0	Intel Corporation
Revision of R1-2104885	
[105-e-NR-7.1CRs-01] Issue#5: PDSCH processing time per Capability 2 and DCI format 1_0 – Debdeep (Intel) by May 25
Continue discussions in RAN1#106-e.


In the following section, we present the pros and cons for the set of interpretations and options for UE behavior identified during RAN1 #105-e and propose a potential way forward for Rel-15 and Rel-16 specifications.
2 Discussion
The issue at hand arises from ambiguity and differing interpretations across companies for the following scenario: 

· If processingType2Enabled in PDSCH-ServingCellConfig is configured for the cell and set to ‘enable’, and if dmrs-AdditionalPosition = ‘pos0’ in DMRS-DownlinkConfig in both of dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB, then, for a PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, one of the following for min UE processing times and DMRS assumptions respectively apply:
· Proc_Time_Alt 1: PDSCH processing time per Cap #2 applies
· Proc_Time_Alt 2: PDSCH processing time per Cap #1 with additional DMRS applies
· Proc_Time_Alt 3: PDSCH processing time per Cap #1 without additional DMRS applies
· Proc_Time_Alt 4: UE is not expected to provide a valid HARQ feedback

· DMRS_Alt 1: PDSCH DMRS as per ‘pos2’ at least for PDSCH RE mapping but UE is not expected to process additional DMRS symbols for PDSCH reception (i.e. per ‘pos0’ for channel estimation for PDSCH reception) 
· DMRS_Alt 2: PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception
· DMRS_Alt 3: PDSCH DMRS as per ‘pos0’ for both PDSCH RE mapping and channel estimation for PDSCH reception

During RANl#105-e meeting, the following possible interpretations and associated UE behavior were identified [2]:
· Option A
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· All PDSCHs subject to HARQ-ACK feedback (“unicast PDSCHs”) that may be scheduled in the DL cell are expected to satisfy conditions for Cap #2 timeline (i.e., w/o additional DMRS)
· [bookmark: _Hlk79162114]For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies.
· UE is not expected to provide valid HARQ-ACK feedback in response to a unicast PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell
· Note: the above is identical (from the gNB scheduler’s perspective) to “UE does not expect to be scheduled with a unicast PDSCH by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell”
· Option A1
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· All PDSCHs subject to HARQ-ACK feedback (“unicast PDSCHs”) that may be scheduled in the DL cell are expected to satisfy conditions for Cap #2 timeline (i.e., with additional DMRS per ‘pos0’ only)
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies
· UE is not expected to provide valid HARQ-ACK feedback in response to a unicast PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell
· Note: the above is identical (from the gNB scheduler’s perspective) to “UE does not expect to be scheduled with a unicast PDSCH by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell”
· Option B
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For all PDSCHs, including PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCHs”) are to follow Cap #2 timeline
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies
· UE is expected to satisfy Cap #2 processing times as per Table 5.3-2, regardless of a unicast PDSCH actually containing additional DMRS that the UE is expected to process
· Option B1
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For all PDSCHs, including PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCHs”) are to follow Cap #2 timeline
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 1 (PDSCH DMRS as per ‘pos2’ for PDSCH RE mapping but UE is not expected to process additional DMRS symbols for PDSCH reception) applies.
· UE is expected to satisfy Cap #2 processing times as per Table 5.3-2, regardless of a unicast PDSCH scheduled by DCI format 1_0 actually having additional DMRS or not.
· UE is NOT expected to process any additional DMRS
· Existing DMRS mapping and rules are maintained 
· Option B2
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For all PDSCHs, including PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCHs”) are to follow Cap #2 timeline
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 3 (PDSCH DMRS as per ‘pos0’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies
· UE is expected to satisfy Cap #2 processing times as per Table 5.3-2, regardless of a unicast PDSCH scheduled by DCI format 1_0 actually having additional DMRS or not. 
· UE is NOT expected to process any additional DMRS
· DMRS mapping rule is updated – if Cap #2 is configured and additional DMRS is not configured, then UE assumes DMRS per ‘pos0’ for PDSCH scheduled by DCI 1_0 subject to HARQ-ACK feedback
· Option C
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For a PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCH”), the UE may fall back to Cap #1 timeline; other PDSCHs are to follow Cap #2 timeline, subject to any other applicable constraints (e.g., Cap 2 with 136 PRBs constraint for 30 kHz)
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies
· All PDSCH durations can be scheduled by DCI format 1_0 for unicast PDSCH

Next, we analyze the pros and cons for each of the above options in the context of a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers. 
Option A
This option implies that the UE behavior remains undefined for the case of being scheduled with unicast PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in a DL serving cell configured with Cap #2 processing timeline for PDSCH processing and NOT configured with additional DMRS by higher layers. Thus, the UE is not expected to provide a valid HARQ-ACK feedback for such unicast PDSCH, which effectively implies that any reasonable gNB implementation should avoid scheduling such unicast PDSCH (with ld > 7 or ld > 4 symbols for mapping types A or B respectively) using DCI format 1_0. 
If concluded this way, then the current specifications would suffice (i.e., no spec update necessary). However, this results in severe scheduling restrictions to time domain durations for unicast PDSCH (especially, “slot-long” allocations that can be rather typical scheduling option) when scheduled using DCI format 1_0. While other non-fallback DCI formats can still be used to schedule such PDSCH durations, it may not be possible to do so during RRC reconfiguration ambiguity periods. 
Option A1
Option A1 is essentially same as Option A with removal for the PDSCH duration-related restriction considered in Option A. Thus, under the above conditions, the UE is not expected to provide a valid HARQ-ACK feedback for any unicast PDSCH scheduled by DCI format 1_0, which effectively implies that any reasonable gNB implementation should avoid scheduling any unicast PDSCH using DCI format 1_0.
While simpler than Option A, the scheduling restrictions are amplified further compared to Option A. Further, precluding scheduling via DCI 1_0 of unicast PDSCH durations other than those with ld > 7 or ld > 4 symbols for mapping types A or B respectively may be seen as a NBC interpretation. This is because currently, there is no issue for PDSCH scheduled by DCI 1_0 with durations other than with ld > 7 or ld > 4 symbols for mapping types A or B respectively and is allowed by current specifications (such PDSCH would simply be subject to HARQ-ACK feedback according to Cap #2 timing). Thus, precluding them would require NBC changes to the specifications. 
Option B
Under the above conditions, Option B simply expects the UE to turn around as per Cap #2 timing even for a unicast PDSCH with ld > 7 or ld > 4 symbols for mapping types A or B respectively and having additional DMRS symbols when scheduled by DCI format 1_0. 
While the above interpretation is simple, avoids the severe scheduling constraints of Options A and A1, and can even be argued as a BC interpretation, it leads to an impractical option for UE implementation that is designed to satisfy current Cap #2 timelines for unicast PDSCH having front-loaded DMRS symbols only. 
Option B1
Option B1 addresses the UE implementation feasibility challenge brought forth by Option B while preserving the benefit of Option B in avoiding the scheduling restrictions of Options A or A1. 
Per this option, under the above conditions, the UE is not expected to process the additional (non-front-loaded) DMRS symbols for a unicast PDSCH with ld > 7 or ld > 4 symbols for mapping types A or B respectively that is scheduled by DCI format 1_0, although the PDSCH may be scheduled with the additional DMRS symbols (at least, the PDSCH RE mapping is not changed). 
However, this interpretation and associated UE behavior can be seen as potentially NBC, and hence, may not be suitable, at least for Rel-15 specifications.
Option B2
Option B2 can be seen as an optimization over Option B1 whereby the PDSCH DMRS assumptions for PDSCH with ld > 7 or ld > 4 symbols for mapping types A or B respectively when scheduled by DCI 1_0 are modified compared to current specifications such that, under the above conditions (Cap #2 configured and additional DMRS NOT configured), PDSCH is assumed to only be scheduled with front-loaded DMRS symbols only. 
While it does offer better performance compared to Option B1 by realizing better coding gains for the unicast PDSCH, the specification impact is non-negligible and lends this option as NBC. 
Option C
Option C applies a fallback behavior for the UE to fallback to Cap #1 timing for a unicast PDSCH with ld > 7 or ld > 4 symbols for mapping types A or B respectively scheduled by DCI format 1_0 under the above conditions. This is exactly similar to the handling of PDSCH with FDRA spanning more than 136 PRBs for SCS of 30 kHz for UEs indicating pdsch-ProcessingType2-Limited. 
This option allows the UE more time to process the above unicast PDSCH by falling back to Cap #1 processing time. However, such dynamic fallback lends itself to the issue of overlapped processing pipelines if a subsequent PDSCH is scheduled to follow Cap #2 processing time. Thus, some scheduling constraints similar to that defined for the case of UE reporting pdsch-ProcessingType2-Limited needs to be specified. 
The current specification does not allow such fallback to Cap #1 from Cap #2 under the above conditions for certain unicast PDSCH scheduled by DCI 1_0, and in this regard, this interpretation renders itself as NBC.

Based on the above discussion, a summary of the pros and cons is presented in Table 1. 

Table 1: A comparison of the identified options for Rel-15 and Rel-16 on Cap 2 and DCI format 1_0
	Option
	Pros
	Cons

	A
	· Backward compatible
· No feasibility issues for UE implementation
	· Severe scheduling restrictions to time domain durations for unicast PDSCH when scheduled using DCI format 1_0

	A1
	· No feasibility issues for UE implementation
	· Severe scheduling restrictions to time domain durations for unicast PDSCH when scheduled using DCI format 1_0
· Potentially NBC

	B
	· Potentially backward compatible (at least may not require spec updates)
	· Not feasible for UE implementation that is designed to support Cap #2 for PDSCH with FL DMRS symbols only.

	B1
	· No feasibility issues for UE implementation
· No scheduling restrictions for time domain durations for unicast PDSCH when scheduled using DCI format 1_0
· Minimal impact to gNB scheduler/implementation
	· NBC – may only be considered for Rel-16

	B2
	· No feasibility issues for UE implementation
· No scheduling restrictions for time domain durations for unicast PDSCH when scheduled using DCI format 1_0 
· Optimized PDSCH link performance by realizing all available coding gains
	· NBC – may only be considered for Rel-16
· Increased impacts to specifications as well as to UE and gNB implementations compared to Option B1 that may not be justified at this stage

	C
	· No feasibility issue for UE to process unicast PDSCH scheduled by DCI 1_0 with additional DMRS symbols with fallback to Cap #1 timing 
	· NBC – may only be considered for Rel-16
· Specifications still need to address issue of overlapped processing pipelines similar to handling for UEs reporting pdsch-ProcessingType2-Limited, which in turn also results in scheduling restrictions for the gNB



Considering the above analysis and the sensitivity to NBC changes to Rel-15 specifications, it is proposed to adopt Option A for Rel-15. However, to avoid the severe restrictions of Options A (or A1), for Rel-16, the least impactful option of Option B1 is recommended.
Proposal 1:
· For Rel-15 specifications, agree on Option A and conclude as below:
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· All PDSCHs subject to HARQ-ACK feedback (“unicast PDSCHs”) that may be scheduled in the DL cell are expected to satisfy conditions for Cap #2 timeline (i.e., w/o additional DMRS).
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies.
· UE is not expected to provide valid HARQ-ACK feedback in response to a unicast PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell.
Proposal 2:
· For Rel-16 specifications, agree on Option B1: 
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For all PDSCHs, including PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCHs”) are to follow Cap #2 timeline.
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 1 (PDSCH DMRS as per ‘pos2’ for PDSCH RE mapping but UE is not expected to process additional DMRS symbols for PDSCH reception) applies.
· UE is expected to satisfy Cap #2 processing times as per Table 5.3-2, regardless of a unicast PDSCH scheduled by DCI format 1_0 actually having additional DMRS or not.
· UE is NOT expected to process any additional DMRS.
· Existing DMRS mapping and rules are maintained. 
It should also be noted that depending on the outcome of this issue, there is dependency on solutions for handling of PDSCH processing time definitions for PDSCH scheduled by DCI format 1_2, as part of maintenance for Rel-16 eURLLC.
3 Conclusion
In this contribution, we presented the pros and cons for the set of interpretations and options for UE behavior identified during RAN1 #105-e and based on the presented analysis, proposed a potential way forward for Rel-15 and Rel-16 specifications as below.
Proposal 1:
· For Rel-15 specifications, agree on Option A and conclude as below:
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· All PDSCHs subject to HARQ-ACK feedback (“unicast PDSCHs”) that may be scheduled in the DL cell are expected to satisfy conditions for Cap #2 timeline (i.e., w/o additional DMRS).
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 2 (PDSCH DMRS as per ‘pos2’ for both PDSCH RE mapping and channel estimation for PDSCH reception) applies.
· UE is not expected to provide valid HARQ-ACK feedback in response to a unicast PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively in the cell.
Proposal 2:
· For Rel-16 specifications, agree on Option B1: 
· For a UE configured with Cap #2 in a DL cell and NOT configured with additional DMRS by higher layers:
· For all PDSCHs, including PDSCH scheduled by DCI format 1_0 with ld > 7 or ld > 4 symbols for mapping types A or B respectively, subject to HARQ-ACK feedback (“unicast PDSCHs”) are to follow Cap #2 timeline.
· For a unicast PDSCH scheduled by DCI 1_0, DMRS_Alt 1 (PDSCH DMRS as per ‘pos2’ for PDSCH RE mapping but UE is not expected to process additional DMRS symbols for PDSCH reception) applies.
· UE is expected to satisfy Cap #2 processing times as per Table 5.3-2, regardless of a unicast PDSCH scheduled by DCI format 1_0 actually having additional DMRS or not.
· UE is NOT expected to process any additional DMRS.
· Existing DMRS mapping and rules are maintained.
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