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Introduction
During RAN plenary #81, work item on DC and CA enhancements has been approved [1]. The work item contains multiple objectives involving RAN1, from which one addresses cross-carrier scheduling of different numerologies. 
5. Cross-carrier scheduling with different numerologies on the scheduling and scheduled carriers [RAN1, RAN2, RAN4]
· This objective applies to CA only.
· Target completion by RAN#84.

Cross-carrier scheduling with mixed numerology has been moved from R15 to R16 due to lack of time and the completion involves at least the following aspects:  
· [bookmark: _Hlk534228601]timeline for cross-numerology scheduling  
· BD/CCE limits 
· design of multi-TTI scheduling to enable efficient FR1->FR2 scheduling
Some additional aspects that could be considered under this objective include:
· Semi-static CB optimizations with respect to mixed numerologies
· Enhancements to cross-carrier scheduling search-space configurations
 
	Timeline for cross-numerology scheduling 
Reference slot
[bookmark: _GoBack]In NR R15, the slot allocated for the PDSCH is  where  is the slot with the scheduling DCI, and  is based on the numerology of PDSCH, and  and  are the subcarrier spacing configurations for PDSCH and PDCCH, respectively. Similar holds for  and PUSCH.   The  settings are illustrated in Figure 1 and 2, where red denotes PDCCH and corresponding  of PDSCH (yellow) is shown.  However, causality has to be maintained. 




Figure 1 illustration for cross-numerology scheduling many-to-one
Low band: scheduled UL-only cell with 15kHz SCS
High band: 
scheduling cell with 30kHz SCS serving cell
















Low band: scheduled UL-only cell with 15kHz SCS
High band: 
scheduling cell with 30kHz SCS serving cell
Figure 2 illustration for cross-numerology scheduling many-to-one


Observation-1: In R15, the reference slot (slot 0) for  and  is the first slot of PDSCH and PUSCH numerology which overlaps with slot where PDCCH has been transmitted.    
Scheduling Causality for self-scheduling and cross-carrier scheduling with same numerology
The NR scheduling causality is defined by the following two rules:
· Type-A-rule: The UE is not expected to receive a PDSCH with mapping type A in a slot, if the PDCCH scheduling the PDSCH was received in the same slot and was not contained within the first three symbols of the slot. 
· Type-B-rule: The UE is not expected to receive a PDSCH with mapping type B in a slot, if the first symbol of the PDCCH scheduling the PDSCH was received in a later symbol than the first symbol indicated in the PDSCH time domain resource allocation.
According to the rules, fixed DMRS PDSCH is scheduled always from first 3 symbols and front-loaded DMRS PDSCH is scheduled no later than the PDSCH start. Besides these, no further restrictions apply for PDSCH, irrespective of self-scheduling or cross-scheduling with same numerology in R15. Therefore, the following observations can be drawn:
Observations-2: In NR R15, cross-carrier scheduling with the same numerology follows the same time-line as self-scheduling.
Minimum K for cross-carrier scheduling
In RAN1#94, the time-line for cross-carrier cross-numerology scheduling has been extensively discussed. Cross-numerology self-scheduling is possible in R15 only in case of DCI-based BWP switching, and in this case, UE has an additional BWP switching delay. However, there is no such additional delay for cross-carrier scheduling. 
In NR, 3-symbol PDCCH of 15kHz slot corresponds to 24 symbols of 120kHz slot. This resulting in the need for increased buffering at the UE in the cross-scheduled cell.  
To keep the buffering at the comparable level with same numerology scheduling, we think the Type-A-rule needs further clarification in case of cross-carrier scheduling with mixed numerology: 
· Type-A-rule-updated: The UE is not expected to receive a PDSCH with mapping type A in a slot, if the PDCCH scheduling the PDSCH was received at least partially in the same slot and was not contained within the first three symbols of the PDSCH slot. 

For Type-B-rule, following the same spirit as for Type-A-rule, the specification text can be updated as following:
· Type-B-rule-updated: The UE is not expected to receive a PDSCH with mapping type B in a slot, if the first symbol of the PDCCH scheduling the PDSCH was received in a later symbol  than the first symbol indicated in the PDSCH time domain resource allocation or if the last symbol of the PDCCH scheduling the PDSCH was received later than third symbol indicated in the PDSCH time domain resource allocation.

Proposal-1: Adopt the following TP for 38.214
The UE is not expected to receive a PDSCH with mapping type A in a slot, if the PDCCH scheduling the PDSCH was received at least partially in the same slot and was not contained within the first three symbols of the PDSCH slot. 
The UE is not expected to receive a PDSCH with mapping type B in a slot, if the first symbol of the PDCCH scheduling the PDSCH was received in a later symbol  than the first symbol indicated in the PDSCH time domain resource allocation or if the last symbol of the PDCCH scheduling the PDSCH was received later than third symbol indicated in the PDSCH time domain resource allocation.
BD/CCE limits 
The status of agreements on BD and CCE capabilities in CA can be summarized in Table 1  
Table 1 Standardization status of BD and CCE capabilities for CA
	UE CCE and BD capability for CA
 (T denotes configured cells, y denotes BD-capability)
	T<=4
	4<T<=y
	T>y

	Self-scheduling and same numerology
	Agreed in R15
	Agreed in R15
	Agreed in R15

	Self-scheduling and mixed numerology
	Agreed in R15
	Agreed in R15
	Agreed in R15

	Cross-scheduling and same numerology numerology between scheduled and scheduling cell
	Agreed in R15
	Agreed in R15
	Agreed in R15 

	Cross-scheduling and mixed numerology between scheduled and scheduling cell
	agreement
missing
	agreement
missing
	agreement
missing



For the first 3 rows, the R15 defined a scheme transparent to self-scheduling or cross-scheduling. When the capability is larger than the number of configured cells, a non-CA limit applies for scheduled cell. When the capability is smaller than the number of configured cells, the capability is shared between cell-groups of the same numerology. The numerology of a cell is determined by the active DL BWP or by the first-active DL BWP if Scell is inactive. 

For the last row of the Table 1, the issue is how to determine the numerology of the scheduled cell if scheduled from scheduling cell of different numerology? When scheduling from lower SCS to higher SCS, the processing time-line for scheduled PxSCH is the limiting factor, the BD and CCE limit should be determined by scheduled serving cell. On the other hand, when scheduling from higher SCS to lower SCS there is plenty of time for processing of PxSCH, the BD and CCE limits should be determined by scheduling serving cell instead.

Proposal-2: For determination of BD and CCE limits in CA with cross-carrier scheduling and mixed numerology, the SCS of scheduled serving cell is determined as the active SCS  
·  of scheduled serving cell active BWP when  > 
· of scheduling serving cell active BWP when  < 

Support of multi-TTI scheduling with one TB per TTI per slot/cell:
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, 120 or 240(FFS) 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 support many-to-one scheduling thanks to flexible K0/K2 timing. While, one-to-many scheduling is not supported in R15, the basic capability 3-1 allows only one DL assignment and 1-2 UL grants per slot.   
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. 
Observation-3: NR R15 UE with basic capability is not capable of decoding more than one DL assignment and one-two UL grants in the single slot.  
To support one-to-many slot scheduling, one option would be to introduce capability to support up to 8DL assignments per slot, for support of 15->120kHz scheduling. However, this would result in tremendously high scheduling overhead and DL control processing complexity. Therefore, a natural scheduling choice for one-to-many scheduling is the multi-TTI scheduling. Note that NR-U AI already agreed to support multi-TTI scheduling for PUSCH. Another question is whether separate TBS would be mapped to each slot or single TBS 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. 
Proposal-3: 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.
Proposal-4: 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.
Semi-static CB optimizations with respect to mixed numerologies
Issue 1 is illustrated in Figure 3. If BWP switch is triggered in Pcell in slot 2, then all the PDSCH before and until slot 7 (inclusive) will be dropped according to current specification. However, agreement below says, PDSCH scheduled in slot n=7 should NOT be dropped, because Pcell BWP is already active.
[image: cid:image030.png@01D46ACC.35316810]


Figure 3 Illustration of issue 1

We have contributed this issue as CR in R15, however, because of late stage of R15, implementation of this agreement in specification has not been approved, while changes for R16 implementation were deemed feasible. To fix the Issue 1, pruning due to BWP switch in the pseudo-code could be performed with PDSCH-allocation-table row granularity instead of slot granularity. 
	……..


Set  – index of row in set 




if slot  is same as or after a slot for an active DL BWP change on serving cell  or an active UL BWP change on the PCell and slot  is before the slot for the active DL BWP change on serving cell  or the active UL BWP change on the PCell 
continue;
else 

while  



if slot  is same as or after a slot for an active DL BWP change on serving cell  or an active UL BWP change on the PCell and PDSCH allocation corresponding to r is at least partially before the slot for the active DL BWP change on serving cell  or the active UL BWP change on the PCell,  or                                             ………



One more mixed numerology issue related to TYPE-1 HARQ-ACK CB is illustrated on Figure 4. In FDD, a gNB configures  for HARQ-ACK reporting using TYPE-1 CB and PUCCH slot number is for example . 



Figure 4 Illustration of issue 2

However, the following condition in pseudo-code of TYPE-1 CB in Section 9.1.2.1 of latest TS38.213

“if ”will be FALSE, and the determined size of CB will be 0. If gNB configures  , then PDSCH1 SLIV will be reported with  value, but it is not clear whether gNB will receive ACK for the PDSCH1, because UE reports valid feedback only if indicated/configured  value match, which is not the case for PDSCH1. Moreover, CB size would be unnecessary doubled. 
To solve the above two issues, the pseudo-code of TYPE1 HARQ-ACK CB should be updated according to CR in Section 3.2 of R1-1813150. 
Proposal-5: Adopt CR in Section 3.2 of R1-1813150 to fix the cross-numerology issues of TYPE-1 semi-static CB.
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. 
Proposal-6: 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 potential solutions and techniques for NR unlicensed related to DL physical channels and signals. Based on the discussion, we make the following observations and proposals:
Observation-1: In R15, the reference slot (slot 0) for  and  is the first slot of PDSCH and PUSCH numerology which overlaps with slot where PDCCH has been transmitted.    
Observations-2: In NR R15, cross-carrier scheduling with the same numerology follows the same time-line as self-scheduling.
Proposal-1: Adopt the following TP for 38.214
The UE is not expected to receive a PDSCH with mapping type A in a slot, if the PDCCH scheduling the PDSCH was received at least partially in the same slot and was not contained within the first three symbols of the PDSCH slot. 
The UE is not expected to receive a PDSCH with mapping type B in a slot, if the first symbol of the PDCCH scheduling the PDSCH was received in a later symbol  than the first symbol indicated in the PDSCH time domain resource allocation or if the last symbol of the PDCCH scheduling the PDSCH was received later than third symbol indicated in the PDSCH time domain resource allocation.
Proposal-2: For determination of BD and CCE limits in CA with cross-carrier scheduling and mixed numerology, the SCS of scheduled serving cell is determined as the active SCS  
·  of scheduled serving cell active BWP when  > 
· of scheduling serving cell active BWP when  < 

Observation-3: NR R15 UE with basic capability is not capable of decoding more than one DL assignment and one-two UL grants in the single slot.  
Proposal-3: 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-4: In NR R16, supports 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-5: Adopt CR in Section 3.2 of R1-1813150 to fix the cross-numerology issues of TYPE-1 semi-static CB.
Proposal-6: 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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o Whena UE is configured with Semi-static HARQ-ACK Codebook, HARQ-ACK corresponding to PDSCH
transmission(s) of the DL BWP before DL and/or UL BWP switching is not transmitted by the UE after the
switching
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