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Introduction
In RAN#94, it was agreed to start a Rel 18 WI on multi-carrier enhancements, with the following objectives for multi-cell PUSCH/PDSCH scheduling (one PDSCH/PUSCH per cell) with a single DCI.
[bookmark: _Hlk102043823]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 paper, we discuss the various aspects to consider in specifying this feature. The agreements from RAN1#109-e meeting are listed in Annex. 
[bookmark: _Ref178064866]Discussion
In NR releases until Rel-17, a single DCI can schedule PUSCH/PDSCH on one cell and single DCI can schedule multiple PUSCH/PDSCH on single cell. The new Rel-18 WI objective is to specify a feature where a single DCI can be used for multi-cell PUSCH/PDSCH scheduling (one PUSCH/PDSCH per cell). 

High-level design aspects 
In current framework, a PDCCH can schedule PDSCH on only one cell using DCI formats 1-0/1-1/1-2. In case of self-carrier scheduling, the PDCCH and PUSCH/PDSCH are received on the same serving cell. For cross-carrier scheduling, a PDCCH is received on a scheduling cell (cell A) and the corresponding PUSCH/PDSCH may be received on a scheduled cell which may be same as the scheduling cell (cell A) or on another cell (cell B). 
For single DCI scheduling PUSCH/PDSCH on multiple cells, one PDCCH DCI format on the scheduling cell (e.g. cell A) has to schedule a PUSCH/PDSCH e.g. for the scheduling cell (cell A) and also one other PUSCH/PDSCH for another scheduled cell (cell B). As stated in the WID justification, trade-off between overhead saving and scheduling restriction must be taken into account.
CA is a native feature of NR supported from Rel15 and it is used for aggregating carriers with a wide variety of attributes depending on the specific deployment scenario. This flexibility provided by CA should be retained even when single DCI scheduling PUSCH/PDSCH on multiple cells (or mc-DCI) is used.
Maximum number of cells scheduled by mc-DCI

Below was agreed in RAN1#109-e. A first main issue would be to conclude a maximum value for the number of co-scheduled cells by mc-DCI. 
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.

The maximum number of NR carriers for CA and DC is 16 from RAN1 specification perspective. 
For a single DCI scheduling single cell (e.g. DCI format 1_1), take an example typical DCI payload of about 56 information bits, which along with a 24-bit CRC gives a DCI size of 80 bits. Assuming no compression of DCI payload (for sake of illustration), the estimated DCI size is as shown below.
Table 1. DCI size comparison for different number of cells
	Maximum number of cells in mc-DCI
	mc-DCI size (assuming no compression of DCI payload)
	Compression relative to one DCI scheduling one cell

	1
	80
	1

	3
	192
	2

	4 
	248
	3

	8 
	472
	6

	16
	920
	12



The maximum NR DCI size is 164 bits. It is clear from the table that some choices (such as 16) would need a huge amount of compression, leading to excessive scheduling restrictions (e.g. in TDRA/FDRA fields, etc). On the other hand, the WID also says the design should be optimized for 3 or more cells. Of the various scenarios of interest, one is intra-band FR2 with four or eight carriers. Thus, 4 or 8 are good alternatives to consider further for mc-DCI design. However, considering the maximum size of DCI format and needed compression factor (2x/3x/6x for 3/4/8 cells), our preference is to select 4 as the maximum value as it can provide the right balance in compression and scheduling restrictions. 

1. [bookmark: _Toc111209436][bookmark: _Toc111213421]Maximum number of cells scheduled by a mc-DCI is 4.

SCS combinations scheduled by mc-DCI
 
Like the number of cells, the SCSes scheduled by a mc-DCI can also influence the DCI format design, and more importantly how such DCI will be used in typical scheduling. The number of SCSes increased to 7 in Rel-17 (considering FR2-2). Even if mc-DCI schedules a maximum of 4 or 8 cells, typically, the processing timeline of control/data for different numerologies can be widely varying, and hence mixing too many SCSes in to a single mc-DCI can increase complexity. Therefore, our proposal is as follows.
1. [bookmark: _Toc111209437][bookmark: _Toc111213422]At least the case where all PUSCH/PDSCH scheduled by a mc-DCI have same SCS is supported.

DCI design for case where PUSCH/PDSCH scheduled by a mc-DCI have two different SCS can be considered next. 
If mc-DCI is supported for different SCS between scheduled cells, then the SCell to PCell scheduling case should also be supported as it is an important use case for cross-carrier scheduling with different SCS within FR1. Therefore, a conditional proposal is made below.

1. [bookmark: _Toc111209438][bookmark: _Toc111213423]If mc-DCI design supporting scheduling of PDSCH(s)/PUSCH(s) for scheduled cells with different SCS is introduced, a DCI format 0-X/1-X can be transmitted on a SCell to schedule PUSCH/PDSCH on PCell and the SCell.


Scheduled/scheduling cells for mc-DCI

Below agreement was made in RAN1#109-e.
Agreement
· (Working assumption) DCI format 0_X/1_X is a new DCI format for multi-cell scheduling
· DCI format 0_X can be used for single cell PUSCH scheduling.
· DCI format 1_X can be used for single cell PDSCH scheduling.
· FFS: UE monitors one of or both multi-cell scheduling DCI and legacy single cell scheduling DCI for a scheduled cell.

It was agreed in last meeting that mc-DCI can be used for single cell scheduling. The mc-DCI design should allow sufficient scheduling flexibility, considering that not all cells will be always scheduled by the mc-DCI at all instances (e.g. retransmissions depending on HARQ feedback, CSI reporting, etc). It is also beneficial to also support individual scheduled cells using existing single cell DCI format as it provides the full flexibility/feature support in scheduling (i.e. without compressed DCI fields like in mc-DCI). 
When UE monitors the DCI format for single DCI scheduling PUSCH/PDSCH on multiple cells, the UE can be configured to also monitor existing DCI format(s) scheduling PUSCH/PDSCH on single cell (i.e. 1-0/1-1/1-2). Thus, it should be possible to schedule as many cells as needed using mc-DCI as well as the possibility to configure the single cell DCI format monitoring for any cell. 
1. [bookmark: _Toc110862505][bookmark: _Toc110862593][bookmark: _Toc111209439][bookmark: _Toc111213424]When mc-DCI is configured for scheduling PUSCH/PDSCH on multiple cells, a mc-DCI can schedule PUSCH/PDSCH on all of the cells or a subset of those cell.
1. [bookmark: _Toc111209440][bookmark: _Toc111213425]When mc-DCI is configured for scheduling PUSCH/PDSCH on multiple cells, for each of those cells, UE can also be configured to monitor existing single cell DCI format(s) scheduling PUSCH/PDSCH (i.e. 1_1/1_2/0_1/0_2).

DCI size handling and budgets
Next, we discuss DCI size handling and budgets. Following was agreed in RAN1#109-e. 
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.

mc-DCI configuration for uplink and downlink should also be addressed. Typically, the number of aggregated carriers can be different between downlink and uplink. Moreover, it is possible (and perhaps more likely) that the DCI size for downlink and uplink is different. In such a case, it is preferable to keep independent the configuration of mc-DCI for PUSCH and PDSCH as well as to configure the BDs for those separately. For example, if UE is configured with four cells in downlink and only two cells (or even one cell) in the uplink, then a mc-DCI for downlink makes sense, but there may be no need to use mc-DCI for the uplink or perhaps assign separate BDs for mc-DCI for uplink and downlink. Based on above, the below proposals are made. 
1. [bookmark: _Toc111209442][bookmark: _Toc111213426]Size of mc-DCI (0_X/1_X) is explicitly configured by higher layers. 
1. [bookmark: _Toc111209443][bookmark: _Toc111213427]Support independent configuration of mc-DCI for PUSCH and PDSCH. 
As discussed in last section, it should be possible to schedule as many cells as needed using mc-DCI as well as the possibility to configure the single cell DCI format monitoring for any cell. Therefore, the discussion on size budgets can continue after some further progress is made on DCI formats that can be supported along with mc-DCI (0-X/1-X). 
mc-DCI format design 

Below was agreed in RAN1#109-e meeting. 
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.

Below we list some aspects that need to be considered for mc-DCI. We note the high-level aspects (as discussed in previous sections) would influence the detailed design of mc-DCI. Nonetheless, some principles for mc-DCI design and simplifications (for certain fields such as UL-related information for PDSCH) are discussed in below. 
[bookmark: _Hlk61806113]It needs to be discussed whether mc-DCI format supports the functionality of all the DCI fields specified for existing DCI formats (i.e. 1_1/1_2/0_1/0_2) or whether it supports only a limited subset of DCI fields.   
mc-DCI design should be able to maintain scheduling flexibility as much as possible, while compress the DCI information for up to 4 cells. Some fields can be grouped together, e.g. in case of intra-band carriers, while some other fields may still remain separate per-cell. 
A field in DCI is needed to indicate the scheduled carriers. If the maximum number of scheduled cells is four, then a simple option for indicating the scheduled carriers is an explicit bitmap, wherein each bit indicates whether the DCI schedules PUSCH/PDSCH for the  corresponding cell. 
1. [bookmark: _Toc111213428]A carrier selection field is introduced for indication of co-scheduled cells by DCI format 0_X/1_X, wherein the field is a bitmap corresponding to the set of configured cells that can be scheduled by the DCI format. 

Higher layers configure a group of cells that are scheduled by a single mc-DCI using a scheduling cell. The group of cells may be further divided into one or more subgroups(e.g. a subgroup may represent intra-band carriers and different subgroups may represent inter-band). Note that if there is only one cell per subgroup, then the subgroup specific field becomes same as individual cell-specific field. The DCI fields can then be characterized into :
· Common field 
· DCI field jointly indicates functionalities for all the scheduled cells 
· E.g. carrier selection information
· Sub-group specific field
· DCI field jointly indicates functionalities for a subset of the scheduled cells, for example the subset may correspond to intra-band carriers 
· E.g. rate-matching indicator, TDRA
· Individual cell-specific field
· [bookmark: _Hlk61806266]Separate DCI fields are needed for each PUSCH/PDSCH
· E.g. NDI

For PDSCH, certain other fields can be common such as TPC command for PUCCH, PUCCH resource indicator, PDSCH-to-HARQ ACK timing, and DAI fields – in principle this assumes that there is a common feedback timing for both PDSCHs scheduled by the mc-DCI, which is not necessarily true in all cases (e.g. URLLC), but is reasonable for eMBB scenario. For URLLC use case, it makes more sense to rely on single cell DCI formats such as 1_2/0_2. 

1. [bookmark: _Toc111209448][bookmark: _Toc111213429]For mc-DCI, at least the following fields are commonly applicable for all cells scheduled by mc-DCI 
8. [bookmark: _Toc111209449][bookmark: _Toc111213430]Carrier selection field
8. [bookmark: _Toc111213431]Downlink assignment index 
8. [bookmark: _Toc111209450][bookmark: _Toc111213432]TPC command for scheduled PUCCH 
8. [bookmark: _Toc111209451][bookmark: _Toc111213433]PUCCH resource indicator
8. [bookmark: _Toc111209452][bookmark: _Toc111213434]PDSCH-to-HARQ-feedback timing indicator
[bookmark: _Toc111209457]
[bookmark: _Toc111213435]For mc-DCI, at least the following fields should be applicable for each subgroup of cells scheduled by mc-DCI
8. [bookmark: _Toc111209458][bookmark: _Toc111213436]TDRA
8. [bookmark: _Toc111209459][bookmark: _Toc111213437]VRB-to-PRB mapping
8. [bookmark: _Toc111209460][bookmark: _Toc111213438]PRB bundling size indicator
8. [bookmark: _Toc111209461][bookmark: _Toc111213439]Rate matching indicator
8. [bookmark: _Toc111209462][bookmark: _Toc111213440]ZP CSI-RS trigger
8. [bookmark: _Toc111209463][bookmark: _Toc111213441]Antenna port(s)
8. [bookmark: _Toc111209464][bookmark: _Toc111213442]Transmission configuration indication
8. [bookmark: _Toc111209465][bookmark: _Toc111213443]DM-RS sequence initialization

1. [bookmark: _Toc111209466][bookmark: _Toc111213444]For mc-DCI scheduling PDSCH on multiple cells, at least the following fields should be individually applicable to each scheduled cell
9. [bookmark: _Toc111209468][bookmark: _Toc111213445]NDI
9. [bookmark: _Toc111209469][bookmark: _Toc111213446]RV: field size is explicitly configurable per cell (0/1/2 bits) 

FDRA is one of the largest fields in the DCI format and the balance between the flexibility and size should be considered for FDRA in the mc-DCI design. Our preference is to retain the flexibility to indicate different PRB assignments for the cells scheduled by mc-DCI. However, to reduce overhead, larger RBG size can be used for the PRB allocations. The RBG size to use for mc-DCI can be configured individually for the scheduled cells. 
For Type 1 FDRA, similar approach as that adopted for DCI format 0_2/1_2 can be used to reduce overhead. Further, 1 there is overhead when encoding the RIV as a binary number. There are  different RIVs for a carrier with NPRB PRBs. Since this is not a power of 2 in general there is an overhead of up to 1 bit when encoding this as a binary number in the FDRA field. This overhead accumulates when having several RIVs for several carriers. If the RIVs are jointly encoded before being converted into binary, up to N-1 bits can be saved when scheduling N carriers. 

1. [bookmark: _Toc111213447]For each cell, support separate configuration of RBG size(s) used for PUSCH/PDSCH scheduling using mc-DCI.
1. [bookmark: _Toc111209472][bookmark: _Toc111213448]For frequency domain resource allocation (FDRA) using mc-DCI, support joint coding of individual RIVs of each cell to reduce overhead for FDRA type 1. 

HARQ-ACK feedback design for mc-DCI
In our view the procedures for HARQ-ACK codebook design should rely on existing procedures as much as possible. Based on this principle, we discuss our view on the design aspects for HARQ-ACK feedback for PDSCHs scheduled by mc-DCI.

Timing of HARQ-ACK feedback
Starting with the timing of PUCCH resource based on mDCI, the following proposal was discussed during the last meeting. 
Proposal 4-1rev4:
· If a UE is NOT provided subslotLengthForPUCCH, when the UE detects a DCI format 1_X scheduling a set of co-scheduled PDSCHs, the UE provides corresponding HARQ-ACK information in a PUCCH transmission within UL slot , where  is a number of slots and is indicated by the PDSCH-to-HARQ_feedback timing indicator field in the DCI format and  is the last UL slot that overlaps with the DL slot  for the reference PDSCH reception.
· FFS details of reference PDSCH
· FFS: PUCCH sub-slot determination if the UE is provided subslotLengthForPUCCH
· Note: Companies are encouraged to investigate the possibility of reusing same reference PDSCH and/or its associated cell for last DCI format determination and DAI counting
The discussion became complicated regarding the reference PDSCH and applicability to both slot-based and sub-slot based PUCCH transmissions. We are in general supportive of the proposal; however, we believe it can be simplified to be consistent with the legacy procedures and appliable to both slot-based and sub-slot based PUCCH transmissions. 
To do so, consider that if any PDSCH was scheduled by a single DCI, the corresponding the UL slot n would be the last UL slot that would overlap with the DL slot corresponding to that PDSCH. Now, if multiple PDSCHs are scheduled by a DCI format 1_X, each would have a corresponding UL slot for PUCCH. To determine one of them, there is no need to involve DL slots or corresponding PDSCHs again in the procedure. The reasonable approach is to decide based on these candidate UL slots. The obvious decision would be then to select the earliest one. This approach is transparent to slot-based or sub-slot based PUCCH configuration and consistent with the legacy procedures. 
Based on this discussion, we propose the following for timing of the PUCCH resource carrying HARQ-ACK feedback of the multiple PDSCHs scheduled by a DCI format 1_X. 
1. [bookmark: _Toc111160175][bookmark: _Toc111209473][bookmark: _Toc111213449](Updated Proposal 4-1 from RAN1#109e) When the UE detects a DCI format 1_X scheduling a set of scheduled PDSCHs, the UE provides corresponding HARQ-ACK information in a PUCCH transmission within UL slot  with reference to PUCCH transmission where  and slot  are determined as the following:
· [bookmark: _Toc111160176][bookmark: _Toc111209474][bookmark: _Toc111213450]   is a number of slots and is indicated by the PDSCH-to-HARQ_feedback timing indicator field in the DCI format. 
· [bookmark: _Toc111160177][bookmark: _Toc111209475][bookmark: _Toc111213451]For each PDSCH in the set, the last UL slot that overlaps with the DL slot corresponding to the PDSCH is determined. The earliest UL slot among these UL slots is determined as slot  .

HARQ-ACK codebook generation
Second, we discuss the construction of HARQ-ACK code book corresponding to multi-PDSCHs scheduled by a DCI format 1_X at presence or absence of PDSCH(s) scheduled by single DCI(s).
The proposal below was discussed during the last meeting. In our view, a design based on this proposal is not a proper design as we explained during the last meeting. We elaborate in the section the disadvantageous of the design based on Proposal 4-4 below first. We continue then to describe a simpler and superior design approach that relies on reusing the existing procedures without causing unnecessary complexity as opposed to the Proposal 4-4 discussed in the last meeting. 

Proposal 4-4:
· 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. 
· Separate DAI counting for DCI(s) with each scheduling a single cell and DCI(s) with each 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.

The design above is based on introduction of “sub-codebook” for Type-2 HARQ-ACK codebook and “concatenation” of codebooks in case of two sub-codebook. 
Firstly, the introduction of the sub-codebook requires that the counter DAI values indicated in the DCI format 1_X to be applicable only to the co-scheduled PDSCHs by the DCI format 1_X. This approach intentionally decouples the dependency between DAI values corresponding to all PDSCHs that their respective HARQ-ACK feedbacks are intended to be transmitted by the same PUCCH resource. This decoupling contradicts with the purpose of indicating DAI values in the scheduling DCI to correct the number of HARQ-ACK feedbacks expected on the PUCCH (as well as PUSCH) which is intended to avoid misalignment between the UE and gNB on the codebook size in case of any DL assignment misdetection at UE. The codebook size correction based on DAI is an important correction mechanism both from performance point of view and gNB complexity.
[bookmark: _Toc111213417]HARQ-ACK codebook size correction based on DAI is an important correction mechanism both from performance point of view and gNB complexity.
[bookmark: _Toc111213418]Design based on Proposal 4-4 in RAN1#109-e defeats the purpose of DAI mechanism.
Secondly, concatenation of two dynamic sub-codebooks is a poor design choice, especially when the mechanism to ensure the correctness of the total codebook size as we discussed above, is not present. In case of missing any of the sub-blocks, the total codebook sent by the UE will be with a wrong size, causing throughput loss and additional complexity at gNB.
[bookmark: _Toc111213419]When two dynamic sub-codebooks are concatenated, the total CB would be of a wrong size if any of the sub-blocks is missed which causes throughput loss and additional complexity at gNB.
Another issue is the impact on the UL DAI for multiplexing HARQ-ACK in PUSCH. Currently, the UL-DAI represents the HARQ-ACK codebook that is multiplexed on PUSCH. With two sub-codebooks to be concatenated the form one codebook, eventually means that the UL-DAI in UL grant should represent the total size. Then it is not clear why not keep the same design for DCI format X_1 and instead, adopt a design that defeats the purpose of DAI mechanism.
Moreover, introduction “sub-codebook” potentially will complicate the upcoming UE features discussions and related capabilities, by adding another dimension of complexity.
[bookmark: _Toc111213420]Design based on Proposal 4-4 in RAN1#109-e complicates interpretation of DAI value in the UL grant when two HARQ-ACK sub-codebooks are multiplexed in PUSCH. 

Therefore, we are not supportive of this approach.
[bookmark: _Toc111209476][bookmark: _Toc111213452]Do not support a HARQ-ACK codebook based on sub-codebooks and concatenation of them as proposed by Proposal 4-4 in RAN1#109-e

On the preferred approach, we start by overviewing the legacy procedures using the example in Figure 2. For each PDSCH the corresponding DAI values are indicated in the DCI. However, to generate the HARQ-ACK codebook, PDSCH ordering is used based on the cell index and starting time of the PDSCHs. Based on this procedures, if e.g., PDCCH1 and PDCCH2 are not detected at UE, the UE can determine a placeholder in the CB for reporting NACK instead (i.e., AN1=NACK, AN2=NACK). One can clearly observe that to generate the CB, it is not important how many scheduling DCIs are involved, thanks to the indicated DAI values and PDSCH ordering mechanism.
In our view, the same principle should be applied in case of DCI format 1_X scheduling PDSCHs. As we illustrate in Figure 3, based on the DAI values indicated in the DCI format 1_X for counter and total DAI, the existing PDSCH ordering can be used to determine the corresponding counter DAI for each PDSCH scheduled by DCI 1_X format. Once that is done, the existing procedures for HARQ-codebook generation is followed. As it is shown in examples in Figure 3 and Figure 4, this approach easily can integrate DCI format 1_X and legacy DCIs in the existing procedures and preserve the benefits from DAI mechanisms, while avoiding additional gNB complexity. 

[image: ]
[bookmark: _Ref111207405]Figure 2: Example of legacy procedures for HARQ-ACK codebook generation corresponding to PDSCHs scheduled by single DCI. The PDSCH and PUCCH timing, as well as the DAI values corresponding to PDSCHs are indicated in scheduling DCIs.


[image: ]
[bookmark: _Ref111207419]Figure 3: Example of the proposed procedures for HARQ-ACK codebook generation corresponding to PDSCHs scheduled by DCI format 1-X. The PDSCH and PUCCH timing are indicated in the DCI. The DAI values corresponding to PDSCHs are determined based on the indicated values in the DCI and the proposed procedure.

[image: ]
[bookmark: _Ref111208337]Figure 4: Example of the proposed procedures for HARQ-ACK codebook generation corresponding to PDSCHs scheduled by DCI format 1-X and single DCIs. The PDSCH and PUCCH timing are indicated in the DCI. The DAI values corresponding to PDSCHs scheduled by DCI format 1-X are determined based on the indicated values in the DCI and the proposed procedure. The DAI values corresponding to PDSCHs scheduled by single DCIs are indicated in scheduling DCIs.


Based on the above discussion, we proposed the following:
[bookmark: _Toc111209477][bookmark: _Toc111213453]For a set of PDSCHs scheduled by a DCI format 1_X, the UE determines the associated DAI values corresponding to each PDSCH in the set and then follows the legacy procedures for generation and multiplexing of a Type-1 or Type- 2 HARQ-ACK codebook that includes the HARQ-ACK information corresponding to the scheduled PDSCHs by the DCI format 1_X.
· [bookmark: _Toc111209478][bookmark: _Toc111213454]Association of DAI values to the co-scheduled PDSCH is based on reusing the existing PDSCH ordering mechanism for HARQ-ACK codebook generation.

In the following, we provide the details of the PDSCH ordering and DAI association for completeness. It is clearly observed that these procedures are based on the existing procedures. 
[bookmark: _Toc111209479][bookmark: _Toc111213455]For a set of PDSCHs by a DCI format 1_X, the UE determines the associated DAI values corresponding to each scheduled PDSCH in the set as the following:
· [bookmark: _Toc111209480][bookmark: _Toc111213456]Step 1: PDSCH ordering
· [bookmark: _Toc111209481][bookmark: _Toc111213457]The set of PDSCHs are ordered based on the corresponding {scheduled cell index, PDSCH reception starting time}. The PDSCHs are ordered by first in ascending order of cell index and then in ascending order of PDSCH starting time.
· [bookmark: _Toc111209482][bookmark: _Toc111213458]Step 2: DAI association
· [bookmark: _Toc111209483][bookmark: _Toc111213459]The UE determines the value of the counter DAI (c-DAI) from DCI format 1-X which is referred to as Vtemp1. The UE determines the value of the total DAI (t-DAI) from DCI format 1-X which is referred to as Vtemp2. 
· [bookmark: _Toc111209484][bookmark: _Toc111213460]Counter DAI (c-DAI) association:
· [bookmark: _Toc111209485][bookmark: _Toc111213461]c-DAI value for the first PDSCH in the set is initiated by Vtemp1.
· [bookmark: _Toc111209486][bookmark: _Toc111213462]The UE continues the following procedures until c-DAI value for all PDSCHs in the set is determined.
· [bookmark: _Toc111209487][bookmark: _Toc111213463]Vtemp1 is increased by one.
· [bookmark: _Toc111209488][bookmark: _Toc111213464]The UE associates Vtemp1 as the corresponding c-DAI value to the next PDSCH in the set following first ascending order of cell index and then in ascending order of PDSCH starting time.
· [bookmark: _Toc111209489][bookmark: _Toc111213465]Total DAI (t-DAI) association:
· [bookmark: _Toc111209490][bookmark: _Toc111213466]t-DAI value for the first PDSCH in the set is initiated by Vtemp2.

· [bookmark: _Toc111209491][bookmark: _Toc111213467]Vtemp2 is associated as the corresponding t-DAI value to the next PDSCHs in the set that have the same PDSCH reception starting time as the first PDSCH.
· [bookmark: _Toc111209492][bookmark: _Toc111213468]The UE continues the following procedures until t-DAI value are determined for all PDSCHs in the set.
a. [bookmark: _Toc111209493][bookmark: _Toc111213469]Vtemp2 is increased by one.
b. [bookmark: _Toc111209494][bookmark: _Toc111213470]The UE associates Vtemp2 as the corresponding t-DAI value to the next PDSCHs in the set that have the same PDSCH reception starting time as the earliest PDSCH without t-DAI association, if any.

HARQ-ACK multiplexing in PUSCH
Moreover, multiplexing HARQ-ACK on PUSCH can follow the existing procedures where the indicated DAI value in the UL grant represent the codebook size. Also, the same PUSCH prioritization rules for HARQ-ACK multiplexing as legacy can be used irrespective of the PUSCHs are scheduled by a single DCI or mc-DCI as shown in Figure 5 and Figure 6.  

[image: ]

[bookmark: _Ref111208213]Figure 5: Example of multiplexing of a HARQ-ACK codebook corresponding to PDSCHs scheduled by DCI formats 1-X in a PUSCH scheduled by legacy DCI. The indicated DAI value in the UL grant is consistent with the size of HARQ-ACK codebook.

[image: ]
[bookmark: _Ref111208232]Figure 6: Example of multiplexing of a HARQ-ACK codebook corresponding to PDSCHs scheduled by DCI formats 1-X in a PUSCH scheduled by DCI format 0-X . The PUSCH for HARQ-ACK multiplexing is selected based on the existing PUSCH prioritization rules. The indicated DAI value in the UL grant is consistent with the size of HARQ-ACK codebook.
Therefore, we propose the following:
[bookmark: _Toc111209495][bookmark: _Toc111213471] The value of the DAI field in a DCI format 0_X is applicable for HARQ-ACK multiplexing in any of the PUSCHs when that PUSCH for HARQ-ACK multiplexing is determined following the existing procedures.

Other design aspects
Another design aspect that was discussed last meeting was whether to support CBG-based PDSCH transmission and multi-cell PDSCH scheduling. In our view, such joint configuration would increase the complexity without clear benefit. We prefer to focus on the core design considering the limited time for this WI and avoid configurations that affect the design of core feature. Hence, we propose the following:

[bookmark: _Toc111160178][bookmark: _Toc111209496][bookmark: _Toc111213472](Updated Proposal 4-3 from RAN#109-e) For Type-1 and Type-2 HARQ-ACK codebook, UE does not expect the multi-cell PDSCH scheduling and CBG-based PDSCH transmission are configured simultaneously on the same or different cell within a same PUCCH group.

[bookmark: _Toc111209497][bookmark: _Toc111213473](Updated Proposal 4-3 from RAN#109-e) UE does not expect the multi-cell PUSCH scheduling and CBG-based PUSCH transmission are configured simultaneously on the same or different cell within a same PUCCH group.

It was also brought up to attention to investigate the issues of UL/SUL scheduling combined with multi-cell PUSCH scheduling and presence of UL/SUL indicator in DCI format 0-X.  Following the same principle, we believe that we should rely on a design reusing legacy procedures. Hence, NUL/SUL related issues should be treated based on already existing rules.
[bookmark: _Toc111209498][bookmark: _Toc111213474]UL/SUL scheduling combined with multi-cell PUSCH scheduling and presence of UL/SUL indicator in DCI format 0-X should reuse the existing procedures.

Conclusion
In the previous sections we made the following observations: 
Observation 1	HARQ-ACK codebook size correction based on DAI is an important correction mechanism both from performance point of view and gNB complexity.
Observation 2	Design based on Proposal 4-4 in RAN1#109-e defeats the purpose of DAI mechanism.
Observation 3	When two dynamic sub-codebooks are concatenated, the total CB would be of a wrong size if any of the sub-blocks is missed which causes throughput loss and additional complexity at gNB.
Observation 4	Design based on Proposal 4-4 in RAN1#109-e complicates interpretation of DAI value in the UL grant when two HARQ-ACK sub-codebooks are multiplexed in PUSCH.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Maximum number of cells scheduled by a mc-DCI is 4.
Proposal 2	At least the case where all PUSCH/PDSCH scheduled by a mc-DCI have same SCS is supported.
Proposal 3	If mc-DCI design supporting scheduling of PDSCH(s)/PUSCH(s) for scheduled cells with different SCS is introduced, a DCI format 0-X/1-X can be transmitted on a SCell to schedule PUSCH/PDSCH on PCell and the SCell.
Proposal 4	When mc-DCI is configured for scheduling PUSCH/PDSCH on multiple cells, a mc-DCI can schedule PUSCH/PDSCH on all of the cells or a subset of those cell.
Proposal 5	When mc-DCI is configured for scheduling PUSCH/PDSCH on multiple cells, for each of those cells, UE can also be configured to monitor existing single cell DCI format(s) scheduling PUSCH/PDSCH (i.e. 1_1/1_2/0_1/0_2).
Proposal 6	Size of mc-DCI (0_X/1_X) is explicitly configured by higher layers.
Proposal 7	Support independent configuration of mc-DCI for PUSCH and PDSCH.
Proposal 8	A carrier selection field is introduced for indication of co-scheduled cells by DCI format 0_X/1_X, wherein the field is a bitmap corresponding to the set of configured cells that can be scheduled by the DCI format.
Proposal 9	For mc-DCI, at least the following fields are commonly applicable for all cells scheduled by mc-DCI
	Carrier selection field
	Downlink assignment index
	TPC command for scheduled PUCCH
	PUCCH resource indicator
	PDSCH-to-HARQ-feedback timing indicator
Proposal 10	For mc-DCI, at least the following fields should be applicable for each subgroup of cells scheduled by mc-DCI
	TDRA
	VRB-to-PRB mapping
	PRB bundling size indicator
	Rate matching indicator
	ZP CSI-RS trigger
	Antenna port(s)
	Transmission configuration indication
	DM-RS sequence initialization
Proposal 11	For mc-DCI scheduling PDSCH on multiple cells, at least the following fields should be individually applicable to each scheduled cell
	NDI
	RV: field size is explicitly configurable per cell (0/1/2 bits)
Proposal 12	For each cell, support separate configuration of RBG size(s) used for PUSCH/PDSCH scheduling using mc-DCI.
Proposal 13	For frequency domain resource allocation (FDRA) using mc-DCI, support joint coding of individual RIVs of each cell to reduce overhead for FDRA type 1.
Proposal 14	(Updated Proposal 4-1 from RAN1#109e) When the UE detects a DCI format 1_X scheduling a set of scheduled PDSCHs, the UE provides corresponding HARQ-ACK information in a PUCCH transmission within UL slot  with reference to PUCCH transmission where  and slot  are determined as the following:
	 is a number of slots and is indicated by the PDSCH-to-HARQ_feedback timing indicator field in the DCI format.
	For each PDSCH in the set, the last UL slot that overlaps with the DL slot corresponding to the PDSCH is determined. The earliest UL slot among these UL slots is determined as slot  .
Proposal 15	Do not support a HARQ-ACK codebook based on sub-codebooks and concatenation of them as proposed by Proposal 4-4 in RAN1#109-e
Proposal 16	For a set of PDSCHs scheduled by a DCI format 1_X, the UE determines the associated DAI values corresponding to each PDSCH in the set and then follows the legacy procedures for generation and multiplexing of a Type-1 or Type- 2 HARQ-ACK codebook that includes the HARQ-ACK information corresponding to the scheduled PDSCHs by the DCI format 1_X.
	Association of DAI values to the co-scheduled PDSCH is based on reusing the existing PDSCH ordering mechanism for HARQ-ACK codebook generation.
Proposal 17	For a set of PDSCHs by a DCI format 1_X, the UE determines the associated DAI values corresponding to each scheduled PDSCH in the set as the following:
	Step 1: PDSCH ordering
	The set of PDSCHs are ordered based on the corresponding {scheduled cell index, PDSCH reception starting time}. The PDSCHs are ordered by first in ascending order of cell index and then in ascending order of PDSCH starting time.
	Step 2: DAI association
	The UE determines the value of the counter DAI (c-DAI) from DCI format 1-X which is referred to as Vtemp1. The UE determines the value of the total DAI (t-DAI) from DCI format 1-X which is referred to as Vtemp2.
	Counter DAI (c-DAI) association:
	c-DAI value for the first PDSCH in the set is initiated by Vtemp1.
	The UE continues the following procedures until c-DAI value for all PDSCHs in the set is determined.
	Vtemp1 is increased by one.
	The UE associates Vtemp1 as the corresponding c-DAI value to the next PDSCH in the set following first ascending order of cell index and then in ascending order of PDSCH starting time.
	Total DAI (t-DAI) association:
	t-DAI value for the first PDSCH in the set is initiated by Vtemp2.
	Vtemp2 is associated as the corresponding t-DAI value to the next PDSCHs in the set that have the same PDSCH reception starting time as the first PDSCH.
	The UE continues the following procedures until t-DAI value are determined for all PDSCHs in the set.
a.	Vtemp2 is increased by one.
b.	The UE associates Vtemp2 as the corresponding t-DAI value to the next PDSCHs in the set that have the same PDSCH reception starting time as the earliest PDSCH without t-DAI association, if any.
Proposal 18	The value of the DAI field in a DCI format 0_X is applicable for HARQ-ACK multiplexing in any of the PUSCHs when that PUSCH for HARQ-ACK multiplexing is determined following the existing procedures.
Proposal 19	(Updated Proposal 4-3 from RAN#109-e) For Type-1 and Type-2 HARQ-ACK codebook, UE does not expect the multi-cell PDSCH scheduling and CBG-based PDSCH transmission are configured simultaneously on the same or different cell within a same PUCCH group.
Proposal 20	(Updated Proposal 4-3 from RAN#109-e) UE does not expect the multi-cell PUSCH scheduling and CBG-based PUSCH transmission are configured simultaneously on the same or different cell within a same PUCCH group.
Proposal 21	UL/SUL scheduling combined with multi-cell PUSCH scheduling and presence of UL/SUL indicator in DCI format 0-X should reuse the existing procedures.
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Appendix
RAN1#109-e: Agreements and conclusions
Agreement
Agree the following terminologies ONLY for convenience of discussion:
· DCI format 0_X is used for scheduling multiple PUSCHs on multiple cells with one PUSCH per cell
· DCI format 1_X is used for scheduling multiple PDSCHs on multiple cells with one PDSCH per cell.
The above does not imply introducing new DCI format(s) at this point.

Agreement
· Different TBs are scheduled on different cells by DCI format 0_X.
· Different TBs are scheduled on different cells by DCI format 1_X.

Agreement
Fallback DCI (i.e., DCI formats 0_0 and 1_0) does not support multi-cell scheduling.

Agreement
The DCI for multi-cell scheduling is monitored only in USS set.

Agreement
· PDSCH cannot be scheduled by DCI format 0_X. 
· PUSCH cannot be scheduled by DCI format 1_X. 

Agreement
· All the co-scheduled cells by a DCI format 1_X and the scheduling cell are included in the same PUCCH group.
· FFS: All the co-scheduled cells by a DCI format 0_X and the scheduling cell are included in the same [cell or PUCCH group].

Agreement
· DCI format 0-X/1-X on a scheduling cell can be used to schedule PUSCHs/PDSCHs on multiple cells including the scheduling cell.
· DCI format 0-X/1-X on a scheduling cell can be used to schedule PUSCHs/PDSCHs on multiple cells not including the scheduling cell.

Agreement
· For a UE, the maximum number of cells scheduled by a DCI format 0_X can be same or different to the maximum number of cells scheduled by a DCI format 1_X.

Working Assumption
· All HARQ-ACK codebook types (Type-1/2/3) are applicable when multi-carrier PDSCH scheduling is configured.
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.

Agreement
· (Working assumption) DCI format 0_X/1_X is a new DCI format for multi-cell scheduling
· DCI format 0_X can be used for single cell PUSCH scheduling.
· DCI format 1_X can be used for single cell PDSCH scheduling.
· FFS: UE monitors one of or both multi-cell scheduling DCI and legacy single cell scheduling DCI for a scheduled cell.

Agreement
· DCI format 0-X/1-X can be transmitted on PCell.
· DCI format 0-X/1-X can be transmitted on a SCell at least when the DCI format 0-X/1-X does not schedule PUSCH/PDSCH on PCell.
· FFS whether a DCI format 0-X/1-X can be transmitted on an SCell if the DCI format 0-X/1-X schedules PUSCH/PDSCH on PCell. 

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.

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.
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