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In RAN#81 [1], it was endorsed that cross-carrier scheduling with different numerologies is postponed to Rel-16 [2]. Although some issues related to cross-carrier scheduling with different numerologies have been agreed and reflected in the Rel-15 specifications, the already-completed part is still kept in the specs while the leftover work is postponed to Rel-16.
In this contribution, we discuss the remaining issues on cross-carrier scheduling with different numerologies, i.e., BD/CCE budget, Causality constraint, QCL determination, valid scheduling DCI capacity and UE processing capability#2. 
Since these issues are inherited from Rel-15, for better understanding, the background the current status of each issue will be introduced prior to our proposals.
BD/CCE budget
Background and current status
In Rel-15, all the cases of self-scheduling have been finalized. While some remaining cases of BD/CCE budget with cross-carrier scheduling need to be handled in Rel-16. The current status of this issue can be summarized as Table 1, which is an excerpt from [3] with incorporating the agreements for case 6-2 and case 7-2 reached in RAN1#94b [4]. 
[bookmark: _Ref337]Table 1 Current status for BD/CCE budget with CA
	Relationship between 4, y and T
	Self-scheduling
	Cross-carrier scheduling

	
	Same numerology
	Mixed numerologies
	Same numerology
(for all DL serving cells)
	Mixed numerologies

	
	
	
	
	Different numerologies between scheduling cell and scheduled cell
	Same numerology between scheduling cell and scheduled cell but different numerologies between scheduling cells

	T=<4 or 4<T=<y
	Case 1
The limit per CC per slot equal to the limit for non-CA case
	Case 4
The limit of the scheduling CC per slot is (number of scheduled CCs)*limit for non-CA case
	Case 6-1
(Postponed to Rel.16)

	Case 6-2
The limit of the scheduling CC per slot is (number of scheduled CCs)*limit for non-CA case
(same as Case 4)

	T>4 and T>y
	Case 2
The total limit across CCs is based on BD capability and can be split across CCs
	Case 3
The total limit across CCs per μ is based on BD capability.
The limit per μ is y*M(μ) and proportion of the number of CCs with μ to the total number of CCs.
	Case 5
The total limit across CCs is based on BD capability and can be split across CCs
(same as case 2)
	Case 7-1
(Postponed to Rel.16)

	Case 7-2
The total limit across CCs per μ is based on BD capability.
The limit per μ is y*M(μ) and proportion of the number of CCs with μ to the total number of CCs.
(same as Case 3)



Due to limited time and high workload in RAN1, cross-carrier scheduling with different numerologies between scheduling cell and scheduled cell is postponed to Rel-16. In this case, the already agreed agreements in the above table are still in force for cross-carrier scheduling, while Case 6-1 & Case 7-1 are left to discuss in this Rel-16 WI.
In RAN1#94, companies proposed divergent solutions for Case 6-1 & Case 7-1 and finally it was hard to converge on a solution acceptable for everyone.
Solutions
Overall, companies proposals can be divided into three alternatives [5], i.e., 
· Alt.1: The limit of BDs/CCEs of the scheduling CC is determined based on the numerology of the scheduled CC.
· Alt.2: The limit of BDs/CCEs of the scheduling CC is determined based on the numerology of the scheduling CC.
· Alt.3: The limit of BDs/CCEs of the scheduling CC is determined based on a specific reference numerology regardless of the exactly used numerology for scheduling CC or scheduled CC.
· Alt.4: The limit of BDs/CCEs of the scheduling CC is determined based on the combinations of numerologies for {scheduling CC, scheduled CC}, e.g., based on the SCS of the scheduling/scheduled CC with a scaling factor.
Alt.1 only considers the SCS of scheduled CCs, it’s not clear how to handle the case if there are many scheduled CCs with different SCSs. Alt.2 is a simple way to determine the BD/CCEs, however it doesn’t take the numerologies of scheduled CC into account, which may decrease the scheduling flexibility for the case where a low SCS CC schedules a high SCS CC. Alt.3 depends much on the selection of reference numerology, which may not cater for all the cases.
Among all the alternatives, Alt.4 can better balance the trade-off of scheduling flexibility and implementation complexity. Plus that the offline lead’s suggestion in [5] is also Alt.4. Thus, we propose to go with Alt.4, i.e., the offline proposals from our previous discussion.

· For cross-carrier scheduling with mixed numerologies, and the number of DL-CCs is up to 4 or with up to T DL-CCs where the UE reports BD capability of y >= T,
· If there are N scheduling cells where the numerology of the nth scheduling cell is (n) with n=1~N and (n)=0~3, and the nth scheduling cell has Xi(n) schedulable DL cells with numerology i where i=0~3, the limit of BDs/CCEs of the nth scheduling CC per slot is given by , where Mi and Ni denote the limit of BDs and CCEs per slot for non-CA case for numerology i, respectively.
· The total limit of BDs/CCEs can be split across schedulable CCs for the same scheduling CC, subject to the non-CA limit on each CC.
· For cross-carrier scheduling with mixed numerologies, and the number of DL-CCs is more than 4 and with up to T DL-CCs where the UE reports BD capability of y < T,
· If there are N scheduling cells where the numerology of the nth scheduling cell is (n) with n=1~N and (n)=0~3, and the nth scheduling cell has Xi(n) schedulable DL cells with numerology i where i=0~3, the limit of BDs/CCEs of the nth scheduling CC per slot is given by , where Mi and Ni denote the limit of BDs and CCEs per slot for non-CA case for numerology i, respectively.
· The total limit of BDs/CCEs can be split across schedulable CCs for the same scheduling CC, subject to the non-CA limit on each CC.
Causality constraint
Background and current status
Regarding the causality constraint with cross-carrier scheduling, the following agreements have been made in RAN1#93 [6]. It was agreed that cross-carrier scheduling should at least satisfy the causality constraint between scheduling PDCCH and PDSCH for self-scheduling.
	Agreements:
· Cross-carrier scheduling should at least satisfy the causality constraints between scheduling PDCCH and PDSCH as for self-scheduling, also taking into carrier timing difference
· Note: in the case of mixed numerology, limitations on the number of symbols to buffer need to be taken into account
Agreements:
· For cross-carrier scheduling across different numerology
· FFS: how to specify additional constraints related to K0 to address the number of symbols which may need to be buffered



In case of PDCCH in a CC with smaller numerology and the scheduled PDSCH in a CC with larger numerology, UE has to buffer signals in a lot of symbols. As depicted in Figure 1, assuming a 15 KHz CC #1 schedules PDSCH on a 60KHz CC#2, the PDCCH duration is 2 symbols and the PDCCH processing delay is 1 symbol. Since UE can’t anticipate whether there is PDSCH for it in CC#2 until it decodes this PDCCH, UE has to buffer the first 12 symbols in the slot indicated by K0=0 regardless of the existence of PDSCH in CC#2. 
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[bookmark: _Ref10995]Figure 1 Cross-carrier scheduling with different numerologies
This is a crucial issue for UE implementation since the UE buffering requirement is proportional to the number of scheduled CCs. One scheduling CC is allowed to schedule up to 8 CCs in NR, without any further limitation, the buffering requirement for NR UE may be too high.
There are two solutions on the table proposed by companies.
Solution#1: Define a minimum K0 threshold for different cases
Solution#2: Scheduled PDSCH is not allowed to be earlier than the ending symbol of PDCCH
Solutions
Between the two solutions on the table, we slightly prefer Solution#2. If we go with Solution#1, we have to discuss minimum K0 for different combinations of (SCS of scheduling CC, SCS of scheduled CC) and even take into account the UE capability. It may augment the workload and complexity of this issue.
Compared with Solution#1, Solution#2 is simpler from standardization and implementation perspective.
In case of cross-carrier scheduling with different numerologies, PDSCH is not allowed to be (even partially) overlapped with the corresponding scheduling PDCCH.
QCL determination
Background and current status
During last meeting, RAN#1 reached an agreement on QCL determination with cross-carrier scheduling [7], which is excerpted as below.
	Agreement
· For cross carrier scheduling, Tci-PresentInDCI has to be always enabled
· For cross-carrier scheduling with tci-PresentInDCI being enabled for a DCI format 1_1, the scheduling timing offset cannot be smaller than the threshold
· Above two bullets apply in case the scheduled carrier is in FR2
· The first bullet applies for both FR1 and FR2
· The first two bullets apply only for CORESET associated for cross carrier scheduling 



[bookmark: OLE_LINK1]According to the Rel-15 agreements and specifications, if the scheduled carrier is in FR2, the tci-PresentInDCI has to be always enabled in the cross-carrier scheduling DCI and the cross-carrier scheduling timing offset cannot be smaller than the Threshold-Sched-Offset. 
As explained in the latest UE feature list endorsed in RAN#82 [8], for 60 KHz SCS of scheduled carrier, the candidate values of Threshold-Sched-Offset is {7, 14, 28}; for 120 KHz SCS of scheduled carrier, the candidate values of Threshold-Sched-Offset is {14, 28}. That’s to say, the basic cross-carrier scheduling timing offset is 28 symbols with basic UE capability. Even with higher UE capability, the offset is at least 7 symbols for the scheduled carrier of 60 KHz SCS and 14 symbols for the scheduled carrier of 120 KHz SCS.  This additional latency is unnecessary especially for basic single beam system.  It may be okay to have such restriction in Rel-15 because FR1 cross-carrier scheduling FR2 carrier is anyway not supported in Rel-15. Given that cross carrier scheduling with different numerologies is supported in Rel-16, this restriction will limit the use cases of cross-carrier scheduling, e.g. latency sensitive traffic would not work well in such case.
Due to the QCL threshold, the scheduling timing offset for cross-carrier scheduling is at least 7 symbols for the scheduled carrier of 60 KHz SCS and 14 symbols for the scheduled carrier of 120 KHz.
Solutions
In order to further decrease and even eliminate the scheduling timing offset for cross-carrier scheduling, the QCL determination mechanism in Rel-15 as mentioned above could be further improved in Rel-16.
As we discussed in the formal email discussion in RAN1#95 [7], three options from different companies are proposed to figure out the QCL determination for cross-carrier scheduling, i.e., 
	TCI Option 1: If the scheduling timing offset is smaller than the threshold, or if tci-PresentInDCI is not enabled for DCI format 1_1, the default QCL assumption for PDSCH in case of cross-carrier scheduling is based on dummy CORESET configured in the active BWP of the scheduled cell
TCI Option 2: If the scheduling timing offset is smaller than the threshold , or if tci-PresentInDCI is not enabled for DCI format 1_1, default QCL assumption for PDSCH in case of cross-carrier scheduling is based on the TCI-state with the lowest ID applicable to PDSCH in the active BWP of the scheduled cell
TCI Option 3: For cross-carrier scheduling with tci-PresentInDCI being enabled for a DCI format 1_1, or if tci-PresentInDCI is not enabled for DCI format 1_1, the scheduling timing offset cannot be smaller than the threshold
• Tci-PresentInDCI has to be always enabled for cross-carrier scheduling



TCI Option 1 and TCI Option 2 offers a default QCL assumption for the cases where the scheduling timing offset is smaller than the threshold, or if tci-PresentInDCI is not enabled for DCI format 1_1. With the default QCL assumption, UE can further decrease and even eliminate the scheduling timing offset for cross-carrier scheduling.
To decrease or even eliminate the scheduling timing offset for cross-carrier scheduling, adopt TCI Option 1 or TCI Option 2 for QCL-Type-D determination when scheduling timing offset is smaller than the threshold Threshold-Sched-Offset. .
For the self-scheduling, PDSCH and its PDCCH can be quasi co-located w.r.t. all QCL parameters. However, for cross-CC scheduling as shown in Figure 2, PDSCH and CORESET of PDCCH may not be quasi co-located w.r.t. Doppler shift, Doppler spread, average delay, delay spread because different CCs may have different channel properties due to a large frequency gap between CCs. Degradation is expected if multiple CCs share the same QCL parameters. Regarding the spatial Rx parameter, it can be okay since multiple CCs may need to share the same receive beam anyway. In other words, only QCL-TypeD of PDCCH can be used for PDSCH in the case of cross-CC scheduling. 
Furthermore, UE needs some time to determine and apply spatial QCL information for corresponding PDSCH reception. While for all the QCL assumptions other than QCL-TypeD, which are mainly used in the baseband processing, UE is allowed to receive the PDSCH and determine & apply QCL assumptions other than QCL-TypeD after the PDSCH reception.
Thus, when TCI field is present in DCI for cross-CC scheduling, if the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold Threshold-Sched-Offset, UE can still obtain the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH. The QCL assumptions based on DCI indication can be more updated.
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[bookmark: _Ref23673]Figure 2 Cross-carrier scheduling
When PDSCH and its scheduling PDCCH are in the different CCs, 
If TCI field is present in DCI and the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold Threshold-Sched-Offset, UE obtains the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH.

Other issues
Number of valid scheduling DCI capacity
Some companies [9] proposed in Rel-15 to limit the number of valid scheduling DCI capacity in case that one CC with smaller numerology schedules several CCs with larger numerologies.
While from our point view, as the number of valid scheduling DCI capacity is not limited in Rel-15 and the Rel-16 UE is envisioned to be more powerful than the Rel-15 one, it’s no need to limit the number of valid scheduling DCI capacity in Rel-16.
There is no agreement in Rel-15 to limit the number of valid scheduling DCI capacity in Rel-15. The Rel-16 UE is envisioned to be more powerful than the Rel-15 one. Thus, it’s no need to limit the number of valid scheduling DCI capacity in Rel-16.
UE processing Capability#2
As we can see from the latest UE feature list [8], all the values of UE processing Capability#2 are assuming all carriers are self-scheduled and all Capability #2 carriers in a band are of the same numerology.
[bookmark: OLE_LINK2]Now, this WI is trying to finalize and further enhance the cross-carrier scheduling, the values of UE processing Capability#2 with cross-carrier scheduling need to be determined.
The values of UE processing Capability#2 with cross-carrier scheduling need to be determined in Rel-16.
Conclusion
In this contribution, we present the background information, current status and our proposals for each remaining issues related to cross-carrier scheduling with mixed numerologies. To sum up, the following proposals are made, i.e.,
BD/CCE
1. 
· For cross-carrier scheduling with mixed numerologies, and the number of DL-CCs is up to 4 or with up to T DL-CCs where the UE reports BD capability of y >= T,
· If there are N scheduling cells where the numerology of the nth scheduling cell is (n) with n=1~N and (n)=0~3, and the nth scheduling cell has Xi(n) schedulable DL cells with numerology i where i=0~3, the limit of BDs/CCEs of the nth scheduling CC per slot is given by , where Mi and Ni denote the limit of BDs and CCEs per slot for non-CA case for numerology i, respectively.
· The total limit of BDs/CCEs can be split across schedulable CCs for the same scheduling CC, subject to the non-CA limit on each CC.
· For cross-carrier scheduling with mixed numerologies, and the number of DL-CCs is more than 4 and with up to T DL-CCs where the UE reports BD capability of y < T,
· If there are N scheduling cells where the numerology of the nth scheduling cell is (n) with n=1~N and (n)=0~3, and the nth scheduling cell has Xi(n) schedulable DL cells with numerology i where i=0~3, the limit of BDs/CCEs of the nth scheduling CC per slot is given by , where Mi and Ni denote the limit of BDs and CCEs per slot for non-CA case for numerology i, respectively.
· The total limit of BDs/CCEs can be split across schedulable CCs for the same scheduling CC, subject to the non-CA limit on each CC.
Causality constraint
In case of cross-carrier scheduling with different numerologies, PDSCH is not allowed to be (even partially) overlapped with the corresponding scheduling PDCCH.
QCL determination
Due to the QCL threshold, the scheduling timing offset for cross-carrier scheduling is at least 7 symbols for the scheduled carrier of 60 KHz SCS and 14 symbols for the scheduled carrier of 120 KHz.

To decrease or even eliminate the scheduling timing offset for cross-carrier scheduling, adopt TCI Option 1 or TCI Option 2 for QCL-Type-D determination when scheduling timing offset is smaller than the threshold Threshold-Sched-Offset. .
When PDSCH and its scheduling PDCCH are in the different CCs, 
If TCI field is present in DCI and the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold Threshold-Sched-Offset, UE obtains the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH.
Other issues
[bookmark: _GoBack]There is no agreement in Rel-15 to limit the number of valid scheduling DCI capacity in Rel-15. The Rel-16 UE is envisioned to be more powerful than the Rel-15 one. Thus, it’s no need to limit the number of valid scheduling DCI capacity in Rel-16.
The values of UE processing Capability#2 with cross-carrier scheduling need to be determined in Rel-16.
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