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Introduction
In Rel-18, a work item was approved for multi-carrier enhancements (WID in RP-220834 [1]), and one of the objectives is to specify multi-cell scheduling DCI as follows:
	1. Specify a solution for multi-cell PUSCH/PDSCH scheduling (one PDSCH/PUSCH per cell) with a single DCI [RAN1]
· Identify the maximum number of cells that can be scheduled simultaneously
· Consider both intra-band and inter-band CA operation
· Consider both FR1 and FR2
· The single DCI shall be optimized for 3 or more cells for the multi-cell PUSCH/PDSCH scheduling



In this contribution, we discuss the issues that need to be addressed for multi-cell scheduling DCI based on the agreements made in RAN1#109-e.
Discussions 
General discussion
One proposal that was discussed in RAN1#109-e is about the joint configuration with CBG-based transmission and multi-slot scheduling [2], as shown below. 
	Proposal 4-3:
· For Type-2 HARQ-ACK codebook, UE does not expect the multi-cell scheduling and is configured with CBG-based transmission are configured or multi-slot scheduling simultaneously on the same or different cell within a same PUCCH cell group.
· FFS simultaneous configuration of multi-cell scheduling and multi-slot scheduling within a same PUCCH group



Our preference is not to support such combinations to simplify the design. For CBG-based transmission, the joint configuration can create complication in both DCI design and HARQ-ACK codebook construction. This is also the case for the joint configuration with multi-slot scheduling. It is also not clear that these use cases are important to be considered.
Proposal 1: UE does not expect multi-cell scheduling and CBG-based transmission are configured simultaneously for the same or different cell within a PUCCH group.
Proposal 2: UE does not expect multi-cell scheduling and multi-slot scheduling are configured simultaneously for the same or different cell within a PUCCH group.

Another feature that causes complication for multi-cell scheduling DCI is multi-TRP operation. We do not see the necessity to support these two features simultaneously.
Proposal 3: UE does not expect multi-cell scheduling and multi-TRP are configured simultaneously for a scheduled cell.

In addition, as a high-level principle, multi-cell scheduling DCI should not introduce any out-of-order scheduling or out-of-order HARQ-ACK for single-TRP operation.
Proposal 4: Multi-cell scheduling DCI shall not introduce out-of-order PDSCH/PUSCH scheduling or out-of-order HARQ-ACK for any scheduled cell.

The co-existence of multi-cell scheduling DCI and single-cell scheduling DCI for a scheduled cell was discussed with the following proposals [2]:
	[bookmark: _Hlk103960226](merged)Proposal 2-4 & 2-5rev2: 
· At least following is supported:
· For each scheduled cell, a UE monitors DCI format 0_X/1_X on at most one scheduling cell. 
· For each within a set of configured cells which can be co-scheduled by a DCI format 0_X/1_X, support monitoring DCI format 0_X/1_X and legacy DCI format(s) from a same scheduling cell. 
· FFS: whether DCI format 0_X/1_X and legacy DCI format(s) are monitored simultaneously 
· FFS whether to support monitoring DCI format 0_X/1_X and legacy DCI format(s) from different scheduling cells for a cell within a set of configured cells which can be co-scheduled by a DCI format 0_X/1_X.



Leaving all the details aside, we think one important aspect is that whether we want to support the case where one cell can be scheduled from multiple cells. So far such a case is not supported, except for PCell in DSS (introduced in Rel-17). Supporting such a case introduce additional complexity on BD/CCE counting, and may also introduce complexity for UE implementation. We do not see a strong use case for such a configuration in general, so our preference is not to introduce it. Of course, this does not prevent DCI format 0_X/1_X and legacy DCI formats for a scheduled cell to be monitored on the same scheduling cell.
Proposal 5: For each scheduled cell, a UE monitors DCI format 0_X/1_X on at most one scheduling cell. For each scheduled cell, it is not supported that a UE monitors DCI format 0_X/1_X on one scheduling cell and monitors legacy DCI format(s) on a different scheduling cell.

For the maximum number of cells that can be scheduled by a single DCI, we had the following agreements in RAN1#109-e to down-select from 3, 4 and 8.
Agreement
· One value for the maximum number of co-scheduled cells by a DCI format 0_X in Rel-18 is selected from {3, 4, 8}.
· For a UE, the maximum number of co-scheduled cells by a DCI format 0_X can be smaller than or equal to the maximum number supported in Rel-18.

Agreement
· One value for the maximum number of co-scheduled cells by a DCI format 1_X in Rel-18 is selected from {3, 4, 8}.
· For a UE, the maximum number of co-scheduled cells by a DCI format 1_X can be smaller than or equal to the maximum number supported in Rel-18.

It can be difficult to make the final decision at this point without knowing the DCI content details, but we think some down-selection can be done already.
· With the current polar code interleaver design for PDCCH (with interleaver length of 164), the DCI payload size (excluding CRC) should not exceed 140 bits.
· Larger number of cells scheduled by a DCI means larger DCI size and higher PDCCH load on the scheduling cell. The maximum number should not be too large to avoid potential PDCCH coverage and/or PDCCH capacity issue.
· Regardless of the DCI design, there will be some DCI fields individually signalled per cell. Otherwise, there would be too much scheduling constraints, which affects the performance and could defeat the purpose of DL control overhead reduction.
· It would be desirable not to increase the DCI size too much to avoid the potential PDCCH coverage issue.
· Larger number of cells scheduled by a DCI means that some DCI fields will be shared by multiple cells or some compression mechanisms are needed. This means less flexibility in scheduling parameters, which leads to the loss in spectral efficiency. When the number of cells becomes too large, the spectral efficiency loss in PDSCH/PUSCH would not be fully compensated by the gain in PDCCH.
· The motivation is mainly to address the fragmented spectrum. The number of segments of fragmented spectrum should not be too large.
With these considerations, we think from RAN1 specification perspective, the maximum number of scheduled cells should not be more than 4. Whether 4 cells can be supported depends on the discussion outcome of DCI content design (e.g., which fields are separate or common). In addition, the exact maximum number of cells supported should depend on UE capability, the band or band combination, etc, which can be discussed in detail in a later stage. 
Proposal 6: RAN1 specifications support a maximum of 3 or 4 cells (FFS 3 or 4) that can be scheduled simultaneously by a single DCI for PDSCH or PUSCH.
· The actual maximum number of cells scheduled by a single DCI depends at least on UE capability and the band/band combinations.
Type-2 HARQ-ACK codebook construction
For HARQ-ACK feedback, the following working assumption was made in RAN1#109-e:
Working Assumption
· All HARQ-ACK codebook types (Type-1/2/3) are applicable when multi-carrier PDSCH scheduling is configured.

For Type-2 HARQ-ACK codebook, the following proposal was discussed:
	Proposal 4-4rev1:
· For Type-2 HARQ-ACK codebook, two sub-codebooks are generated with a first sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each actually scheduling a single cell and a second sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each actually scheduling more than one cell. 
· Separate DAI counting for DCI(s) with each actually scheduling a single cell and DCI(s) with each actually scheduling more than one cell 
· FFS whether the DCI scheduling a single cell and the DCI scheduling more than one cell are determined based on the number of cells indicated by DCI or the number of cells with actual PDSCH reception
· Type-2 HARQ-ACK codebook is generated by concatenating the first sub-codebook and the second sub-codebook.
· At least following is supported: Number of HARQ-ACK information bits for each DCI format 1_X that schedules more than one cell is determined based on the maximum number of cells co-scheduled by a DCI format 1_X in the PUCCH-group for the UE.
· FFS for the case with 2-TB PDSCH scheduling without spatial bundling configuration
· HARQ-ACK information bits for co-scheduled PDSCHs by a DCI format 1_X is ordered based on serving cell indices associated with co-scheduled PDSCHs.



We are generally supportive of the proposal. This issue is very similar to Type-2 HARQ-ACK codebook construction for multi-PDSCH scheduling for above 52.6GHz. Therefore, we think the same mechanism can be reused.
Proposal 7: For Type-2 HARQ-ACK codebook, two sub-codebooks are generated with a first sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each scheduling a single cell and a second sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each scheduling more than one cell.
DCI size budget and BD/CCE counting
The following was agreed in RAN1#109-e for DCI size budget and BD/CCE counting:
Agreement
Further study DCI size budget including below options for multi-cell scheduling DCI: 
· Option 1: Existing DCI size budget is maintained per scheduled cell.
· Alt 1-1: DCI size budget is maintained via DCI size alignment and DCI size budget of DCI format 0_X/1_X is counted for each of the co-scheduled cells.
· Alt 1-2: DCI size budget is maintained via configured size for multi-cell scheduling DCI and DCI size budget of DCI format 0_X/1_X is counted for each of the co-scheduled cells.
· Alt 1-3: DCI size budget is maintained via DCI size alignment and DCI size budget of multi-cell scheduling DCI is counted only in one scheduled cell.
· Option 2: Existing DCI size budget is not necessarily maintained per scheduled cell. 
· Alt 2-1: DCI size budget of multi-cell scheduling DCI is counted only in one scheduled cell.
· Alt 2-2: DCI size budget of multi-cell scheduling DCI is not counted per serving cell and not considered in the related serving cell specific DCI size alignment procedure, e.g., for K co-scheduled cells, gNB guarantee the total budget of 3*K DCI sizes is not exceeded.
· Alt 2-3: voiding the “3+1” limit for multi-cell scheduling
· Alt 2-4: the DCI size budget for DCI size alignment can be separately configured for each cell
· Alt 2-5: DCI size budget of the scheduling cell can be increased to account for the DCI format for multi-cell scheduling. Accordingly, the DCI size budget of a scheduled cell can be reduced.
· Other options/alternatives could be considered.

Agreement
Further study BD/CCE counting for multi-cell scheduling DCI based on below options: 
· Alt 1: counted on each co-scheduled cell 
· Alt 2: counted only in one scheduled cell
· Alt 3: scaled down to each of co-scheduled cell according to the number of co-scheduled cells
· Alt 4: counted as part of the scheduling cell instead of each scheduled cell
· Alt 5: scaled down to each of scheduled cells excluding scheduling cell
· Alt 6: counted on each co-scheduled cell excluding scheduling cell
· Other alternatives could be considered.

For the options listed for DCI size budget, 
· Option 1
· The legacy principle of maintaining DCI size budget per scheduled cell is kept.
· Alt 1-1/1-2: we do not see the necessity of counting the DCI size for each of the co-scheduled cells, because the UE only processes once not multiple times, even though multiple cells are scheduled. In this sense, Alt 1-1 unnecessarily limits the operation and may not be able to fully utilize the UE PDCCH decoding capability.
· Alt 1-3: it is a reasonable approach to count the DCI size towards only one of the scheduled cells. Whether the DCI size budget is maintained via size alignment or other mechanisms (e.g. via gNB configuration) can be further discussed.
· If the scheduling cell is one of the co-schedulable cells, the DCI size should be counted towards the scheduling cell.
· Option 2
· This deviates from the legacy principle.
· Alt 2-1: this is an incomplete solution, because it does not explain how the DCI size budget is maintained if not done per scheduled cell.
· Alt 2-2: we assume it means that the legacy size alignment procedure is still performed per scheduled without considering the multi-cell scheduling DCI. In addition, the network configuration ensures that the total budget of 3*K DCI sizes is satisfied after including multi-cell scheduling DCI. Even though the idea seems simple on the paper, it may cause complication in implementation dimensioning since the budget is not applied per cell any more, and the UE needs to prepare for all different combinations.
· Alt 2-3: this is very undesirable from UE complexity point of view. Multi-cell scheduling DCI intends to reduce DCI overhead and can potentially even reduce total DCI size budget and BD/CCE limit, instead of increasing the budget.
· Alt 2-4: this completely changes the existing framework, and the complication is similar to Alt 2-2. Having this full flexibility in configuration implies that UE needs to prepare for arbitrary configuration, which may result in over-dimensioning on memory and processing capability. Without clear benefit, this is considered as an unnecessary complication.
· Alt 2-5: this is not as flexible as Alt 2-2/2-4, but it has a somewhat similar flavor. It means the UE may need to dimension additional resource to handle multi-DCI scheduling DCI. We do not see the necessity for such complication yet.
With all the analysis, our preference is a slightly modified Alt 1-3.
Proposal 8: DCI size budget of multi-cell scheduling DCI is counted only in one co-schedulable cell.
· If the scheduling cell is one of the co-schedulable cells, the DCI size is counted towards the scheduling cell.
· FFS how the DCI size budget is maintained with multi-cell scheduling DCI (e.g. via DCI size alignment or gNB configuration)

For BD/CCE counting,
· Alt 1: we do not see the necessity of counting the BDs/CCEs in each co-scheduled cell, as the UE only needs to process it once.
· Alt 2: this is reasonable. If the scheduling cell is one of the co-schedulable cells, it is reasonable to count the BD/CCE towards the scheduling cell.
· Alt 3: this seems to be unnecessary complexity, especially considering that different cells may have different SCSs. It is not very friendly for UE implementation either.
· Alt 4: this could be considered further because it makes the procedure easier. The only issue is that it somewhat deviates from the legacy behavior where the BD/CCE counting is done per scheduled cell.
· Alt 5: the rationale of this proposal to exclude the scheduling cell is not clear to us.
· Alt 6: similar to Alt 5, the rationale is not clear.
With these considerations, we propose:
Proposal 9: For BD/CCE counting for multi-cell scheduling DCI, further consider the following options:
· Alt 2: counted only in one co-schedulable cell
· If the scheduling cell is one of the co-schedulable cells, BDs/CCEs are counted in the scheduling cell.
· Alt 4: counted as part of the scheduling cell instead of each scheduled cell

DCI contents
For DCI fields, the following was agreed in RAN1#109-e. There were also some discussions regarding each field, whether they should belong to Type-1, Type-2, or Type-3.
Agreement
For multi-cell scheduling, the co-scheduled cells are indicated by DCI format 0_X/1_X. At least the following options are considered:
· Option 1: An indicator in the DCI points to one row of a table defining combinations of scheduled cells. 
· The table is configured by RRC signaling.
· FFS: Separate tables can be configured for multi-cell PDSCH scheduling and multi-cell PUSCH scheduling.
· Option 2: An indicator in the DCI is a bitmap corresponding to a set of configured cells that can be scheduled by the DCI 0_X/1_X 
· FFS: Separate sets of configured cells for multi-cell PDSCH scheduling and multi-cell PUSCH scheduling.
· Option 3: using existing field (e.g., CIF, FDRA) to indicate whether one or more cells are scheduled or not
· Other options are not precluded.
· Note: It does not preclude other DCI information fields (e.g., BWP) to be jointly indicated by the indicator of the co-scheduled cells. 

Agreement
For design of multi-cell scheduling DCI, companies are encouraged to consider following types of DCI fields: 
· Type-1 field: A single field indicating common information to all the co-scheduled cells or separate information to each of co-scheduled cells via joint indication or an information to only one of co-scheduled cells
· Type-2 field: Separate field for each of the co-scheduled cells, or each sub-group comprising one or more co-scheduled cells where a single field is commonly applied to the co-scheduled cells belonging to a same sub-group
· Type-3 field: Common or separate to each of the co-scheduled cells or to each sub-group.
· FFS: whether it is dependent on explicit configuration or implicit condition (e.g., intra or inter band CA, FR1 or FR2).
· Other types are not precluded.

For PDSCH, it is reasonable to assume the HARQ-ACK for all PDSCHs scheduled by a multi-cell scheduling DCI is transmitted in the same PUCCH in the same HARQ-ACK codebook. With this assumption, the DCI fields related to HARQ-ACK feedback are good candidates to be considered as shared by multiple PDSCHs. This includes PDSCH-to-HARQ_feedback timing indicator, PUCCH resource indicator, TPC command for scheduled PUCCH, and downlink assignment index (DAI).
It is also natural that only a single field for DCI format identifier is included.
Proposal 10: The HARQ-ACK feedback for the PDSCHs scheduled by a multi-cell scheduling DCI is transmitted in the same PUCCH.
Proposal 11: At least the following fields belong to Type-1, with a single field indicating common information to all the co-scheduled PDSCHs:
· Identifier for DCI formats
· Downlink assignment index
· TPC for scheduled PUCCH
· PUCCH resource indicator
· PDSCH-to-HARQ timing indicator

For indication of co-scheduled cells, we think Option 2 is a good choice. It provides full flexibility in scheduling. As we propose to support a maximum of 4 scheduled cells, at most 4 bits are needed with Option 2, which is only 1 bit more than the current carrier indicator field in the worst case.
Proposal 12: The co-scheduled cells are indicated in the DCI using a bitmap corresponding to a set of configured cells that can be scheduled by the DCI 0_X/1_X (Option 2).
For NDI and RV, it is important that we keep them as per PDSCH/PUSCH to allow scheduling flexibility. For MCS, it is also important that we have per-PDSCH/PUSCH indication because they are on different serving cells. The detailed signaling can be further discussed.
Proposal 13: At least the following fields belong to Type-2, with separate indication for each co-scheduled cell:
· MCS
· NDI
· RV

For the remaining fields, the following table can be considered as the starting point for the discussion. Our general view is that for many fields, Type-2 should be considered as the default, and Type-1 or Type-3 can be considered if sufficiently justified (i.e. no significant impact on scheduling flexibility and performance).
	Field
	Proposed Type
	Notes

	BWP indicator
	
	May not include the filed in the DCI

	TDRA
	Type-1 or Type-2
	

	FDRA
	Type-2
	

	VRB-to-PRB mapping
	Type-2
	

	PRB bundling size indicator
	Type-2 or Type-3
	

	Rate matching indicator
	Type-2
	

	ZP CSI-RS trigger
	Type-2
	

	HARQ-ACK process number
	Type-2
	

	One-shot HARQ-ACK request
	Type-1
	

	Enhanced Type 3 codebook indicator
	Type-1
	

	SRS request
	Type-2
	

	DMRS sequence initialization
	Type-1 or Type-2
	

	Priority indicator
	Type-1
	

	UL/SUL indicator
	Type-1
	A single field that is applied to the cell with associated SUL

	Frequency hopping flag
	Type-1 or Type-2
	

	TPC command for scheduled PUSCH
	Type-2
	

	SRI
	Type-2
	

	Precoding information and number of layers
	Type-2
	

	Antenna port(s)
	Type-2
	

	CSI request
	Type-2
	

	Beta offset indicator
	Type-2
	

	UL-SCH indicator
	Type-1
	

	ChannelAccess-CPext
	
	Need to decide whether we support unlicensed cell as part of the feature

	Open-loop power control parameter set indication
	Type-2
	

	TCI
	Type-1 or Type-2
	



Conclusion
In contribution, we provide our views on multi-cell PUSCH/PDSCH scheduling with a single DCI and propose the following:
Proposal 1: UE does not expect multi-cell scheduling and CBG-based transmission are configured simultaneously for the same or different cell within a PUCCH group.
Proposal 2: UE does not expect multi-cell scheduling and multi-slot scheduling are configured simultaneously for the same or different cell within a PUCCH group.
Proposal 3: UE does not expect multi-cell scheduling and multi-TRP are configured simultaneously for a scheduled cell.
Proposal 4: Multi-cell scheduling DCI shall not introduce out-of-order PDSCH/PUSCH scheduling or out-of-order HARQ-ACK for any scheduled cell.
Proposal 5: For each scheduled cell, a UE monitors DCI format 0_X/1_X on at most one scheduling cell. For each scheduled cell, it is not supported that a UE monitors DCI format 0_X/1_X on one scheduling cell and monitors legacy DCI format(s) on a different scheduling cell.
Proposal 6: RAN1 specifications support a maximum of 3 or 4 cells (FFS 3 or 4) that can be scheduled simultaneously by a single DCI for PDSCH or PUSCH.
· The actual maximum number of cells scheduled by a single DCI depends at least on UE capability and the band/band combinations.
Proposal 7: For Type-2 HARQ-ACK codebook, two sub-codebooks are generated with a first sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each scheduling a single cell and a second sub-codebook comprising HARQ-ACK information bits for PDSCH(s) scheduled by DCI(s) with each scheduling more than one cell.
Proposal 8: DCI size budget of multi-cell scheduling DCI is counted only in one co-schedulable cell.
· If the scheduling cell is one of the co-schedulable cells, the DCI size is counted towards the scheduling cell.
· FFS how the DCI size budget is maintained with multi-cell scheduling DCI (e.g. via DCI size alignment or gNB configuration)
Proposal 9: For BD/CCE counting for multi-cell scheduling DCI, further consider the following options:
· Alt 2: counted only in one co-schedulable cell
· If the scheduling cell is one of the co-schedulable cells, BDs/CCEs are counted in the scheduling cell.
· Alt 4: counted as part of the scheduling cell instead of each scheduled cell
Proposal 10: The HARQ-ACK feedback for the PDSCHs scheduled by a multi-cell scheduling DCI is transmitted in the same PUCCH.
Proposal 11: At least the following fields belong to Type-1, with a single field indicating common information to all the co-scheduled PDSCHs:
· Identifier for DCI formats
· Downlink assignment index
· TPC for scheduled PUCCH
· PUCCH resource indicator
· PDSCH-to-HARQ timing indicator
Proposal 12: The co-scheduled cells are indicated in the DCI using a bitmap corresponding to a set of configured cells that can be scheduled by the DCI 0_X/1_X (Option 2).
Proposal 13: At least the following fields belong to Type-2, with separate indication for each co-scheduled cell:
· MCS
· NDI
· RV

We also provided a table to summarize the considerations on the remaining DCI fields.
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