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Introduction
RAN1#96 made the following agreements on the cross-carrier scheduling with different numerologies:
	Agreements:
· At least for the case of lower SCS PDCCH scheduling a higher SCS PDSCH the earliest possible starting point for the PDSCH is defined by the end of the PDCCH + 
·  >0. Detailed value(s) FFS
· FFS other factor(s) impacting 

Agreements:
· The limit of BDs/CCEs (per slot in the scheduling CC) for the scheduled CC is determined based on the numerology of the scheduling CC.
· Change the definition of NcellsDL, to “the number of configured DL-CCs whose scheduling cell is with active DL BWP having SCS configuration ” as in Section 10.1 of 38.213



Further, RAN#83 clarified the scope of the cross carrier scheduling with different numerologies [2]:
	5. Cross-carrier scheduling with different numerologies on the scheduling and scheduled carriers [RAN1, RAN2, RAN4]
· This objective applies to CA only
· Includes the cases of high-SCS scheduled cell from low-SCS scheduling cell as well as high-SCS scheduling cell from low-SCS scheduled cell
· Includes uplink cross-carrier scheduling with different numerologies between scheduled cell and scheduling cell
· Target completion by RAN#84.



This contribution addresses the following remaining issues of the RAN1 work with regard to the cross-carrier scheduling with different numerologies
· Definition of “delta” for the minimum PDCCH-to-PDSCH separation (minimum K0 timeline)
· Determination minimum PDSCH-to-HARQ-ACK separation (minimum K1 timeline)
· Determination of minimum PDCCH-to-PUSCH separation (minimum K2 timeline)
· Support for full-buffer scheduling
· Enhancements to search space configurations

	K0 timeline for cross-numerology scheduling 
RAN1#96 agreement to define a positive delta from the end of the PDCCH to the start of the PDSCH leads naturally to definition of N0 for the PDSCH which is similar to N2 defined for the PUSCH in Rel-15 in determination of the minimum time duration between the end of the PDCCH to the start of the PDSCH.

	Agreements:
· At least for the case of lower SCS PDCCH scheduling a higher SCS PDSCH the earliest possible starting point for the PDSCH is defined by the end of the PDCCH + 
·  >0. Detailed value(s) FFS
· FFS other factor(s) impacting 



TS 38.214 defines that the PUSCH must start no earlier than N2 symbols after the end of the PDCCH with some additional relaxations d2,1 and d2,2 related to FDM of DMRS and PUSCH and BWP switching:
Current TS38.214 definition for the PDCCH-to-PUSCH minimum time separation:
	
[bookmark: _Hlk496824026]If the first uplink symbol in the PUSCH allocation for a transport block, including the DM-RS, as defined by the slot offset K2 and the start and length indicator SLIV of the scheduling DCI and including the effect of the timing advance, is no earlier than at symbol L2, where L2 is defined as the next uplink symbol with its CP starting after the end of the reception of the last symbol of the PDCCH carrying the DCI scheduling the PUSCH, then the UE shall transmit the transport block. 



As for the Rel-15 PUSCH preparation, here the intention is to decode the PDCCH prior to the start of the PDSCH, the same approach should apply.
Proposal-1: Adopt the same approach for the PDSCH start time definition as is used for the PUSCH start time definition, i.e. the PDSCH starts no earlier than N0 symbols after the end of the PDCCH carrying the DCI.
As the proposed N0 definition would be fully related to the PDCCH scheduling carrier, there is no obvious relationship to the scheduled PDSCH carrier, and thus the N0 value should be a function of the PDCCH SCS.
[bookmark: _GoBack]Proposal-2: The N0 is a function of the PDCCH SCS
A draft text proposal to capture the above is suggested below.
Draft TP for a TS38.214 definition for the PDCCH-to-PDSCH minimum time separation:
	[bookmark: _Toc534727976]5.3.1	UE PDCCH processing procedure time when the scheduling PDCCH and scheduled PDSCH are on carriers with different SCS
If the first downlink symbol in the PDSCH allocation for a transport block, including the DM-RS, as defined by the slot offset K0 and the start and length indicator SLIV of the scheduling DCI, is no earlier than at symbol L0, where L0 is defined as the next PDSCH carrier symbol with its CP starting N0 PDCCH carrier symbols after the end of the reception of the last symbol of the PDCCH carrying the DCI scheduling the PDSCH, then the UE shall be able to receive the transport block. 
-	N0 is based on µ of Table 5.3.1-1, where µ corresponds to the subcarrier spacing of the downlink with which the PDCCH carrying the DCI scheduling the PDSCH was transmitted, and κ is defined in subclause 4.1 of [4, TS 38.211].
Table 5.3.1-1: PDCCH processing time for cross-carrier scheduling when the PDCCH and PDSCH carriers have different subcarrier spacing
	

	PDCCH decoding time N0 [symbols]

	0
	[TBD]

	1
	[TBD]

	2
	[TBD]

	3
	[TBD]






	K1 timeline for cross-numerology scheduling 
K1 defines the timing from the PDSCH to the HARQ-ACK. As this is already in Rel-15 defined for different SCS for PDSCH and the UL carrier carrying the HARQ-ACK. There is one issue though, the current definition picks the worst of the PDCCH, PDSCH and the UL SCS. The worst case between PDCCH and PDSCH was motivated by BWP switching, but would not apply for the cross-carrier scheduling case due to the PDCCH decoding time accounted for separately, and the SCS of the PDCCH having no impact to the PDSCH decoding time.

Current TS38.214 definition for the PDSCH-to-HARQ-ACK minimum time separation:
	-	N1 is based on µ of table 5.3-1 and table 5.3-2 for UE processing capability 1 and 2 respectively, where µ corresponds to the one of (µPDCCH, µPDSCH, µUL) resulting with the largest Tproc,1, where the µPDCCH corresponds to the subcarrier spacing of the PDCCH scheduling the PDSCH, the µPDSCH corresponds to the subcarrier spacing of the scheduled PDSCH, and µUL corresponds to the subcarrier spacing of the uplink channel with which the HARQ-ACK is to be transmitted, and κ is defined in subclause 4.41 of [4, TS 38.211]. 



Observation-1: The UE processing time from the PDSCH to HARQ-ACK is not impacted by the fact that the PDCCH and the PDSCH were on carriers in BWPs with different numerologies
Proposal-3: For the cross-carrier scheduling with different SCS, the PDSCH-to-HARQ-ACK timeline determination should otherwise follow the Rel-15 definition, but the SCS of the PDCCH should not play a role.
	K2 timeline for cross-numerology scheduling 
K2 defines the timing from the PDCCH to the PUSCH. The Rel-15 already defines this for the mixed-numerology cases, mostly motivated by Supplementary uplink. This definition always picks the worst-case minimum timing based on the SCS of the PDCCH and that of PUSCH. This was deemed acceptable for the considered case of 15 kHz PDCCH and 30 kHz PUSCH. However, the cases with larger SCS difference may call for revisiting this approach. If the N0 definition as proposed in section 2 of this document is adopted, another possibility can be considered: The minimum K2 could be solely based on the SCS of the PUSCH, but the timeline would be additive to the N0. I.e. the PUSCH processing time would be calculated form the reference point in time determined by the end of PDCCH + N0. This approach of N0 + N2 counts the PDCCH decoding twice as the N2 includes the budget needed for PDCCH decoding. Thus N0 on the PUSCH SCS could be correspondingly removed. Leading to
Earliest possible PUSCH start is N0 (PDCCH SCS) + N2 (PUSCH SCS) - N0(PUSCH SCS) 
[image: ]
Figure 1: Two ways for defining the first possible PUSCH starting location. Upper part following the Rel-15 definition of worst case SCS, the lower part taking the PUSCH SCS for N2 determination, but starting to count after N0.

Proposal-4: For the cross-carrier scheduling with different SCS, consider definition of the PDCCH-to-PUSCH timeline where Rel-15 definition of N2, a function of PUCCH SCS, is additive to the N0, a function of PDCCH SCS, and the PDCCH decoding time embedded to N2 is correspondingly removed.
Support of full buffer scheduling
The main motivation to support cross-carrier scheduling for aggregated carriers with the mixed numerology is the use-case of the low-band CC1 (typically with small SCS) scheduling the PDSCH on high-band CC2 (with typically large SCS). The bands >24GHz (FR2) operates with 60 and 120 kHz SCS, while bands <6GHz (FR1) operate with 15, 30 and 60kHz SCS. Therefore, NR specification shall support both: one-to-many mixed numerology scheduling and many-to-one mixed numerology scheduling. Obviously, NR R15 supports many-to-one scheduling thanks to flexible K0/K2 timing. While, one-to-many scheduling is not supported in NR R15, the basic capability 3-1 allows only one DL assignment and 1 or 2 UL grants per slot depending on the duplexing used on the cell [2].   
5) Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per slot per scheduled CC for FDD
6) Processing one unicast DCI scheduling DL and 2 unicast DCI scheduling UL per slot per scheduled CC for TDD
Furthermore, with CASE2 optional feature 3-5b, allows for up to two DL assignment within multiple monitoring occasions of a slot per scheduled CC for TDD [2]. 
	3-5b
	All PDCCH monitoring occasion can be any OFDM symbol(s) of a slot for Case 2 with a span gap
	All PDCCH monitoring occasion can be any OFDM symbol(s) of a slot for Case 2, and for any two PDCCH monitoring occasions in same or different search spaces, there is a minimum time separation of X OFDM symbols (including the cross-slot boundary case) between the start of two spans, where each span is of length up to Y consecutive OFDM symbols in which PDCCH is configured to be monitored.For the set of monitoring occasions which are within the same span:
· Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for FDD
· Processing one unicast DCI scheduling DL and two unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD
· Processing two unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD



[bookmark: _Hlk1161053]Observation-2: NR R15 UE with basic capability is not capable of decoding more than one DL assignment and one/two (FDD/TDD) UL grants in the single slot, and an UE with advanced capability extends this to two unicast DCIs for FDD as well.  
To support one-to-many slot scheduling, there are two options on the table which are not exclusive: 
· Option 1: introduce capability to support up to 8DL assignments per slot, to enable a case of 15->120kHz scheduling. However, this would result in tremendously high control overhead/blocking at gNB and DL control processing complexity at UE. The complexity could be eased by UE’s support of multiple monitoring occasions per slot (CASE2 with e.g. 4 monitoring occasions in 15kHz slot) with two DL assignment per occasion. This would require also increase to BD/CCE limits, because, for scheduling two DL assignments a gNB would have budget of only 14CCE per monitoring occasion, this resulting in severe blocking in case of multi-user scheduling. Furthermore, if such capabilities become mandatory for a UE capable of cross-carrier scheduling with mixed numerology, they should be applicable also to self-scheduling for the UE. 
· Option 2: introduce multi-TTI scheduling. Note that NR-U AI already agreed to support multi-TTI scheduling for PUSCH, and therefore, in this agenda item only DL multi-TTI scheduling would need to be designed. Another question is whether separate TB would be mapped to each slot or single TB would be mapped across all the slots. Our preference is towards one TBS per slot to be able to gain the latency advantages of shorter slot lengths and make the PDSCH/PUSCH operation on a larger-SCS carrier independent of the cross-carrier mixed numerology scheduling option. Also scheduling single TBS across slot boundary has been proposed in NR-U and URLLC with not a large support across companies however.   
Among the above two choices, Option 2 seems to result in lower complexity at the UE, since there is no need for support of CASE 2 monitoring nor UE has to budget for processing of 8PDCCH in single monitoring occasion. Further, the multi-TTI scheduling may leverage from design of both multi-TTI scheduling of eLAA and NR multi-slot scheduling, this keeping specification effort low.  
[bookmark: _Hlk1161066]Proposal-5: In NR R16, support multi-TTI scheduling of up to 8 slots, where one PDCCH schedules up to [8] slots, and each slot TTI is scheduled with separate TB/HARQ-process. Further details FFS.
If multi-TTI scheduling of up to 8 slots in a single serving cells for cross-carrier scheduling is supported, it would not require significant additional standardization effort to support also multi-TTI scheduling in cell domain (frequency domain). In other words, significant reduction of control overhead could be achieved, when a single DCI schedules multiple TTIs in the multiple serving cells, each TTI with separate cell-specific HARQ processes. This making at least intra-band CA operation much more efficient, not only in terms of DL control overhead reduction but also in terms of reduced PDCCH candidate monitoring effort. Note that this enhancement would fall under Other AI (Efficient CA) and could be designed also after RAN1#84.
[bookmark: _Hlk1161073]Proposal-6: In NR R16, support multi-TTI scheduling, where one PDCCH schedules up to [8] cells and each cell TTI is scheduled with separate cell-specific TB/HARQ-process. Further details FFS.
Obviously, PDCCH overhead reduction increases if the same DCI field applies to multiple serving cells. Therefore, RAN1 shall further study which of the DCI IEs need to be indicated separately per each cell and which per group of scheduled/active cells.
 Enhancements to cross-carrier scheduling search-space configurations
In R15, the configuration of search-space for cross-carrier scheduling has been designed sub-optimally, because introduction of new RRC parameter in RAN1 was not allowed after RAN plenary declared NR specification complete. Therefore, in R16, introduce new RRC parameter for a scheduled cell to configure number of candidates for the scheduled cell in the set of search-space sets of the scheduling cell. 
[bookmark: _Hlk1161160]Proposal-7: For R16 UE, introduce RRC parameter for scheduled cell to configure number of PDCCH candidates for the scheduled cell in the configured search-space sets of the scheduling cell. 
Conclusions
In this contribution, we have discussed a number of items related to cross-carrier scheduling with different subcarrier spacings, and make the following obsevations and proposals:
Proposal-1: Adopt the same approach for the PDSCH start time definition as is used for the PUSCH start time definition, i.e. the PDSCH starts no earlier than N0 symbols after the end of the PDCCH carrying the DCI.
Proposal-2: The N0 is a function of the PDCCH SCS
Observation-1: The UE processing time from the PDSCH to HARQ-ACK is not impacted by the fact that the PDCCH and the PDSCH were on carriers in BWPs with different numerologies
Proposal-3: For the cross-carrier scheduling with different SCS, the PDSCH-to-HARQ-ACK timeline determination should otherwise follow the Rel-15 definition, but the SCS of the PDCCH should not play a role.
Proposal-4: For the cross-carrier scheduling with different SCS, consider definition of the PDCCH-to-PUSCH timeline where Rel-15 definition of N2, a function of PUCCH SCS, is additive to the N0, a function of PDCCH SCS, and the PDCCH decoding time embedded to N2 is correspondingly removed.

Observation-2: NR R15 UE with basic capability is not capable of decoding more than one DL assignment and one/two (FDD/TDD) UL grants in the single slot, and an UE with advanced capability extends this to two unicast DCIs for FDD as well.  
Proposal-5: In NR R16, support multi-TTI scheduling of up to 8 slots, where one PDCCH schedules up to [8] slots, and each slot TTI is scheduled with separate TB/HARQ-process. Further details FFS.
Proposal-6: In NR R16, support multi-TTI scheduling, where one PDCCH schedules up to [8] cells and each cell TTI is scheduled with separate cell-specific TB/HARQ-process. Further details FFS.
Proposal-7: For R16 UE, introduce RRC parameter for scheduled cell to configure number of PDCCH candidates for the scheduled cell in the configured search-space sets of the scheduling cell. 
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