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To reduce the DCI control overhead and increase the spectral efficiency in CA operation, multiple PDSCH/PUSCH scheduled by a single DCI is proposed as an objective of the WID of muti-carriers enhancements. The details of the objective are shown below [1].
	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, our analyses and views on the multiple PUSCH/PDSCH scheduling with a single DCI are provided, including the simulation with the aim to identify the maximum number of the cells that can be scheduled by a DCI, the high-level solutions for multi-cell scheduling, and the potential issues. 
Clarification on the scenarios
For multi-cell scheduling with a single DCI, only one PDSCH or PUSCH can be on one cell. According to the scheduled transport block, we think there are three scenarios for the multi-cell scheduling as shown in Figure 1. This should be clarified at first.
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Figure 1 The scenarios for multi-cell scheduling
· Scenario 1: Different transport blocks are scheduled for the multiple PDSCH/PUSCH
· Scenario 2: The same transport block is scheduled for more than one scheduled PDSCH/PUSCH
· Scenario 3: A transport block is split into multiple scheduled PDSCH/PUSCH
In our understanding, scenario 1 is the normal case, which is the same as the current transmission scheduled by separate DCI. Therefore, at least the scenario 1 should be supported in Rel-18. For scenario 2, a transport block scheduled by a DCI can be transmitted more than one time. This is the similar as PDSCH/PUSCH repetition. It can obviously reduce the transmission latency compared with the current PDSCH or PUSCH repetition. The difference is that a transport block is transmitted across the cell. From this point of view, it is very like CA duplication introduced for URLLC, in which a packet may be transmitted on two carriers. Therefore, the mechanism in scenario 2 is beneficial for the URLLC service. For scenario 3, a transport block is split to multiple parts and each is transmitted on a cell. This is similar as TBoMS transmission introduced in Rel-17. It may have the same benefit as scenario 2 depending on the design and the scheduling. 
From the perspective of standardization efforts, scenario 2 and scenario 3 can be supported easily with a bit of modification on top of scenario 1. Therefore, we think scenario 1 should be supported and scenario 2 and scenario 3 can also be considered if time allows. 
Proposal 1: For the multi-cell scheduling, scenario 1 should be supported and scenario 2 and scenario 3 can be considered if time allows in this WID. 
Identifying the maximum number of the scheduled cells
In this section, two aspects are considered to identify the maximum number of the scheduled cells. One is the gain of multi-cell scheduling observed from the simulation and the other is the existing limitations.
Simulation for multi-cell scheduling
In order to evaluate the relation between the gain and the number of scheduled cells in multi-cell scheduling by a single DCI, some simulation results are provided in [2]. In the simulation, both inter-band CA and intra-band CA are considered, which is consistent with the objective of the WID. Similar to Rel-17, single-cell scheduling is used as baseline. To compare the performance of the baseline and multi-cell scheduling by a single DCI with a bigger size under typical scenarios, PDCCH blocking rate and the PUSCH/PDSCH throughput are evaluated via the following two simulation methodologies.
· PDCCH blocking rate
The following steps are adopted to perform the simulation of PDCCH blocking rate comparison.
· Step1: Perform system level simulation to get geometry results;
· Step2: Perform link level simulation to get the BLER-SNR results for different size of DCI;
· Step3: Calculate the probability of each aggregation level targeting 10^-2 BLER based on the simulation results in Step1 and Step2;
· Step4: Simulate the PDCCH blocking rate for different cases (i.e., different DCI size corresponding to different cell numbers) based on the probability of each aggregation level in Step3 for both baseline and multi-cell scheduling;
· Step5: Calculate the potential gain of PDCCH blocking rate for different cases for multi-cell scheduling.
· Cell throughput
The following options can be adopted to evaluate the PUSCH/PDSCH throughput in multi-cell scheduling.
· Option 1：
· Step1: Calculate the potential gain of PDCCH blocking rate for different cases for multi-cell scheduling in accordance with Step 1-4 of the simulation method for PDCCH blocking rate.
· Step 2: Throughput gain = PDCCH blocking rate gain.
· Option 2：
· Step 1: Calculate the average CCE utilization for both baseline and multi-cell scheduling in accordance with Step3 of the simulation method for PDCCH blocking rate.
· Step 2: Derive the CCE saving in accordance with Step1.
· Step 3: Throughput gain = number of RBs saved derived by converting the result of Step2 / total number of originally available RBs.
The restricted conditions in the inter-band CA scenario are stricter than those in the intra-band CA scenario. Identifying the maximum number of the scheduled cells based on the inter-band CA scenario will restrict the performance of multi-cell scheduling in the intra-band CA scenario. Therefore, the intra-band CA scenario is regarded as the typical scenario in the discussion to identify the maximum number of the scheduled cell. 
Some simulation results in [2] are captured. The simulation results of the gain of PDCCH blocking rate for intra-band CA scenario are showed in Figure 2 and the calculation results of the gain of CCE saving are showed in Figure 3. For the baseline, the assumption is 60 bits for DCI size without CRC. When the number of scheduled cells by a single DCI is 2, 3, 4, 5, 6, 7 and 8, the DCI size is 72, 84, 96 ,108, 120, 132 and 144, respectively. For inter-band, the DCI size increase step is larger than that in intra-band, i.e., 24 bits.
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Figure 2 Gain of PDCCH blocking rate for intra-band CA scenario
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Figure 3 Gain of CCE saving for intra-band CA scenario
As shown in Figure 2, the gain of the PDCCH blocking rate increases gradually. When the number of scheduled cells is 4~8, the PDCCH blocking rate gain is 44.2% ~ 54.1%. For multi-cell scheduling, compared with the number of DCIs, the increased DCI size has a smaller impact on the PDCCH blocking rate. When the number of scheduled cells is more than 3, the increase of gain on the PDCCH blocking rate is more obvious.
For the option 1, according to our previous analysis, the throughput gain is the same as the PDCCH blocking rate gain. For the option 2, the throughput gain is same as the gain of CCE saving. As shown in Figure 3, when the number of scheduled cells is configured as 2, 3, 4, 5, 6, 7 and 8, the gain is greater than 40% in each configuration. In multi-cell scheduling, a single DCI can schedule multiple cells, which greatly saves the number of DCIs. The overall size of the single DCI for multi-cell scheduling is much lower than that of multiple single-cell scheduling DCIs, and the saved CCE resources increase with the increase of the number of scheduled cells. When the number of scheduled CCs is more than 3, the saved CCE resources will exceed 60%.
Based on the analysis above, we have the following observation. 
Observation 1: The gain of PDCCH blocking rate will be excellent when the number of scheduled cells is more than 3.
Existing restrictions for multi-cell scheduling
With the increase of the number of scheduled cell, the size of the single DCI also grows larger. However, DCI size cannot increase all the time. In the existing protocols, the maximum size of DCI in the Polar code is 140bits. In the intra-band CA scenario, the channel quality of the serving cells are similar, and they can share the most DCI fields. Therefore, when a scheduled cell is added additionally, only a few bits need to be added into the DCI, e.g. 12 bits. However, when a scheduled cell in another band is added additionally in the inter-band scenario, more bits need to be added into the DCI, e.g. 24 bits. In [2], the limitation of Polar code should be satisfied as much as possible. When the number of scheduled cells is 8, the DCI size in the intra-band scenario is 144 bits, and when the number of scheduled cells is 4 from the different bands, the DCI size in the inter-band scenario is 132 bits. 
Based on the analysis above, we have the following observation. 
Observation 2: The restriction of DCI size encoded by Polar code will restrict the maximum number of scheduled cells.
Considering both the restriction of the DCI encoded by Polar code and the optimal performance of multi-cell scheduling, it may be a good choice to set the maximum number of scheduled cells to at least one of 4 and 8.
Based on the analysis in 3.1 and 3.2, we have the following proposal. 
Proposal 2: 4 or 8 should be supported as the maximum number of scheduled cells.
High-level solutions for multi-cell scheduling
In current single cell scheduling, most configurable fields in a DCI format is only determined by the configuration on the scheduled cell. In case of mutil-cell scheduling by a single DCI, before we go to the step of discussion on each field that which is shared or separate indication, some high-level solutions for multi-cell scheduling can be discussed firstly.
· Solution#1: Trying to avoid discussing DCI fields one by one
Option 1: Reuse similar mechanism as Multi-TTI scheduling on one cell for multi-cell scheduling. This can be possible for multi-cell scheduling in case the most configuration of the multiple scheduled cells are the same, e.g., same bandwidth part for each cell in FR1 intra-band CA. Due to the objective that both intra-band and inter-band CA operation, and both FR1 and FR2 need to be considered, it seems multi-TTI scheduling can not be used for all the scenarios.
Option 2: Apply “separate indication” for all DCI fields with only CRC overhead reduced. This is simple but not meaningful on control overhead reduction. Maybe this can be considered together with two-stage DCI and these fields are carried by the second stage DCI which is multiplexed in PDSCH. The first stage DCI is a legacy single cell scheduling DCI with an additional indication to indicate whether there are second stage DCI.  
Option 3: With the restriction of the maximum number of single DCI size of 140 bits, each DCI field in the multi-cell scheduling DCI can be configured with “shared indication” or “separate indication” by gNB. This can be also used in solution 2 in case one field can not be definitely determined as shared indication or separate indication. 
· Solution#2: Discussing DCI fields one by one
If no option can be directly adopted in solution#1, in the end, RAN1 needs to determine whether to apply “shared indication” or “separate indication” for each of the DCI fields. In case a field in the multi-cell scheduling DCI can be determined as shared or separate indication without controversy, then it will designed as shared or separate field in the multi-cell scheduling DCI. In case there is controversy on a field after several RAN1 meetings, it is better to leave it as a configurable field. The network can configure it as shared indication or separate indication. Considering the maximum number of the bits of one DCI is 140, the number of elements for each separate indication field should be limited.
Proposal 3: Discussing DCI fields one by one is preferred in case none of simple solution of avoiding discussing DCI fields one by one is adopted. 
Potential issues for multi-cell scheduling
High-level analysis on each field
Firstly, take Rel-15 DCI format 1_1 with cross-carrier scheduling function as an example for the baseline DCI format. All Rel-15 DCI fields of DCI format 1_1 are listed in Table 1 below. For each field of the single DCI with multi-cell scheduling, whether to adopt shared or separate indication should be determined. For example, Identifier for DCI formats can apply shared indication because all the cells are scheduled with PDSCH. The Frequency/Time resource on the N cells can be indicated shared or separately depending on the requirement/configuration on the N cells. In order to maintain system efficiency, AMC related fields should be indicated separately. The feedback of the PDSCH on the N cells can be in the same codebook/channel or different codebook/channel. As a result, the HARQ feedback related fields can apply either shared or separate indication accordingly. For MIMO related fields, it may depend on the detailed configuration of the N carriers and UE feature which can be also shared or separate indication. As an example shown in Table 1, the size of multi-cell scheduling DCI is calculated with assuming the maximum number of multi-cell scheduling is N. 
Table 1 DCI fields for the single DCI with multi-cell scheduling (assume BWP = 100 PRBs)
	DCI fields of Format 1_1
	Bit size of Format 1_1 (bits)
	Baseline size (bits)
	Single DCI with multi-cell scheduling (Shared or Separate indication)
	Bit size of Single DCI with multi-cell scheduling compared with baseline size (bits) 

	
	
	
	
	N=2
	N=4
	N=8

	Identifier for DCI formats
	1
	1
	Shared
	1
	1
	1

	Carrier indicator
	0 or 3
	3
	Shared or separate
	3 or 6
	3 or 12
	3 or 24

	Bandwidth part indicator
	0 – 2
	1
	Separate
	2
	4
	8

	Frequency domain resource assignment
	13
	13
	Shared or separate
	13 or 26
	13 or 52
	13 or 108

	Time domain resource assignment
	0 - 4
	4
	Shared or separate
	4 or 8
	4 or 16
	4 or 32

	VRB-to-PRB mapping
	0 or 1
	1
	Shared or separate
	1 or 2
	1 or 4
	1 or 8

	PRB bundling size indicator
	0 or 1
	1
	Shared or separate
	1 or 2
	1 or 4
	1 or 8

	Rate matching indicator
	0 - 2
	1
	Separate
	2
	4
	8

	ZP CSI-RS trigger
	0 - 2
	1
	Shared or separate
	1 or 2
	1 or 4
	1 or 8

	TB1: Modulation and coding scheme
	5
	5
	Separate
	10
	20
	40

	TB1: New data indicator
	1
	1
	Separate
	2
	4
	8

	TB1: Redundancy version
	2
	2
	Separate
	4
	8
	16

	TB2: Modulation and coding scheme
	5
	-
	Separate
	-
	-
	-

	TB2: New data indicator
	1
	-
	Separate
	-
	-
	-

	TB2: Redundancy version
	2
	-
	Separate
	-
	-
	-

	HARQ process number
	4
	4
	Shared or separate
	4 or 8
	4 or 16
	4 or 32

	Downlink assignment index
	0, 2, or 4
	4
	Shared or separate
	4 or 8
	4 or 16
	4 or 32

	TPC command for scheduled PUCCH
	2
	2
	Shared or separate
	2 or 4
	2 or 8
	2 or 16

	PUCCH resource indicator
	3
	3
	Shared or separate
	3 or 6
	3 or 12
	3 or 24

	K1 timing indicator
	0 - 3
	3
	Shared or separate
	3 or 6
	3 or 12
	3 or 24

	Antenna port(s)
	4, 5, or 6
	4
	Shared or separate
	4 or 8
	4 or 16
	4 or 32

	Transmission configuration indication
	0 or 3
	3
	Shared or separate
	3 or 6
	3 or 12
	3 or 24

	SRS request
	2 or 3
	2
	Shared or separate
	2 or 4
	2 or 8
	2 or 16

	CBG transmission information (CBGTI)
	0, 2, 4, 6, or 8
	-
	Separate
	-
	-
	-

	CBG flushing out information (CBGFI)
	0 or 1
	-
	Separate
	-
	-
	-

	DMRS sequence initialization
	1
	1
	Shared or separate
	1 or 2
	1 or 4
	1 or 8

	Total size (excluding CRC)
	38 - 83
	60
	Total size (bits)
	70 - 119
	90 - 237
	130 - 485


Ideally, all the DCI fields adopt separate indication for the multi-cell scheduling DCI. In this case, network can have fully flexibility and can guarantee the PDSCH/PUSCH throughput. However, the DCI size of this multi-cell scheduling DCI is pretty large which will exceed 140 bits. On the other hand, if all the DCI fields adopt shared indication for the multi-cell scheduling DCI. In this case, the PDSCH/PUSCH scheduling would have lots of limitations, which may lead to performance degradation in the end. It is hard to figure out the trade off between flexibility and DCI size considering that different companies may have different views. 
Based on our preliminary analysis, with the restriction of up to 140 bits, N=4 can be assumed to design the multi-cell scheduling DCI, even the maximum number of of the scheduled cells is determined as 8. That is, except the fields that must be separate indicated, e.g. NDI, RV, etc, at most 4 elements can be designed for a configurable field, e.g. FDRA, TDRA, etc.
Proposal 4: Except the fields that must be separately indicated (e.g., NDI, RV), at most 4 elements can be designed for a configurable field, where each element corresponds to one separate indication of this field.
[bookmark: _GoBack]The determination of the number of the scheduled cells
With the current CA mechanism, each CIF index corresponds to one scheduled cell. In case that multi-cell scheduling via a single DCI is supported, how to indicate the multiple scheduled cells should be resolved. 
If dynamic combination of the multiple cells is supported, separate indication of CIF is needed. Since different cells may have different configurations, the size of this single DCI need to be determined according to the maximum number of cells that can be scheduled once. 
If semi-static combination of the multiple cells is supported, CIF field with one code-point indication is used to indicate the multi-cell scheduling. That is a combination of the multiple cells are scheduled if the code-point is indicated for the cells groups.  
Proposal 5: For designing the CIF filed in the multi-cell scheduling DCI, dynamic or semi-static combination of the multiple scheduled cells should be determined firstly.
DCI format 
The single DCI for multi-cell scheduling can be designed by using legacy non-fallback DCI format 0_1/0_2/1_1/1_2 as a starting point. If the multi-cell scheduling is enabled, then the DCI format with bigger size will be used for scheduling PDSCH/PUSCH on N cells. Meanwhile, scheduling PDSCH/PUSCH on less than N cells are also supported. Then dynamic fallback to single cell scheduling should be compatible as well. In this case, the bigger DCI size keep the same regardless of actual scheduled number of cells to avoid additional blind decoding. In other words, even if the DCI fallbacks to scheduling PDSCH/PUSCH only on one cell, its DCI size has to be aligned to the bigger DCI size.
Alternatively, a new DCI format, e.g., DCI format 0_3/1_3, can be also considered. In this case, the new DCI format 0_3/1_3 is introduced only for scheduling PDSCH on N cells, and all the existing DCI formats are used for legacy scheduling. With this, dynamic fallback to single cell scheduling is not needed for the new DCI format 0_3/1_3. But this will challenge the DCI size budget/alignment. And another issue is how to schedule in case the number of cells that need to be scheduled simultaneously is among 1 to N.  
Proposal 6: Whether using legacy non-fallback DCI formats or new DCI formats for multi-cell scheduling should be down-selected.
BC/CCE handing
Furthermore, for this single DCI with multi-cell scheduling, how to perform the BD/CCE handling should be discussed.
In current spec, PDCCH blind decoding on one scheduling cell in a USS is only counted for one scheduled cell, because the DCI and USS are both designed for a single scheduled cell for a UE. USS on the scheduling cell for each scheduled cell is determined by CIF value. Then for this single DCI with multi-cell scheduling, using the USS of one of the multiple cells or all cells should be determined. That is, it should be determined that the BD/CCE for the multi-cell scheduling DCI is counted for one scheduled cell only or for each of scheduled cell. 
Another consideration is that because the multiple single cell scheduling DCIs are merged into a multi-cell scheduling DCI, the single multi-cell scheduling DCI could be transmitted on multiple scheduling cells without increasing BD/CCE budget for a UE. In case BD/CCE of the multi-cell scheduling DCI is only counted in one scheduled cell, multiple scheduling cells could be supported with more flexible scheduling and also with the benefit of overhead reduction.
In case additional DCI size is introduced due to the new DCI formats, e.g., DCI format 0_3/1_3, the blind decoding number may be increased, but the total blind decoding number can keep unchanged to avoid exceeding the BD/CCE budget by reasonable candidate configuration.
Proposal 7: It should be determined that BD/CCE of multi-cell scheduling DCI is counted in one scheduled cell only or each scheduled cell.
HARQ-ACK feedback
Another open issue is how to construct the HARQ-ACK codebook for multiple scheduled PDSCHs and how to determine the PUCCH resource for the corresponding HARQ-ACK codebook.
If all the related DCI fields are all separately indicated to the UE for each carrier, e.g., K1, PRI and TPC, the specification could be minimized because this is similar to use multiple DCI scheduling in CA scenario which is already supported. However, this would increase the multi-cell scheduling DCI size. 
Another approach is to adopt shared indication for the related DCI fields and the same HARQ-ACK codebook and PUCCH resource are used for the multiple scheduled PDSCHs. And in this way, DAI field is also better to be shared indication and counted per PDCCH for up to N PDSCHs. In order to avoid ambiguity issue of the codebook size, N bits will be generated per DAI counter which will also bring some redundant bits.
Proposal 8: Shared or separate indication for the fields of HARQ-ACK feedback should be determined considering both overhead reduction and spec impact.
The support of other features
Furthermore, besides the fields in the non-fallback DCI in Rel-15, there are some other DCI fields introduced or some original fields with extension in Rel-16/17. For simplicity, if the fields for the feature introduced in Rel-16/17 are not excluded explicitly, the fields can be included in multi-cell scheduling DCI because all the fields introduced in Rel-16/17 are configurable. For example, considering PDCCH overhead reduction is the motivation of the objective, multi-TTI scheduling in Rel-16/17 can be enabled together with multi-cell scheduling to achieve more efficient overhead reduction. 
Proposal 9: The fields for Rel-16/17 feature is supported and can be configurable in the multi-cell scheduling DCI.
Conclusion
According to the discussion above, we have the following observations and proposals.
Observation 1: The gain of PDCCH blocking rate will be excellent when the number of scheduled cells is more than 3.
Observation 2: The restriction of DCI size encoded by Polar code will restrict the maximum number of scheduled cells.
Proposal 1: For the multi-cell scheduling, scenario 1 should be supported and scenario 2 and scenario 3 can be considered if time allows in this WID.
Proposal 2: 4 or 8 should be supported as the maximum number of scheduled cells.
Proposal 3: Discussing DCI fields one by one is preferred in case none of simple solution of avoiding discussing DCI fields one by one is adopted. 
Proposal 4: Except the fields that must be separately indicated (e.g., NDI, RV), at most 4 elements can be designed for a configurable field, where each element corresponds to one separate indication of this field.
Proposal 5: For designing the CIF filed in the multi-cell scheduling DCI, dynamic or semi-static combination of the multiple scheduled cells should be determined firstly.
Proposal 6: Whether using legacy non-fallback DCI formats or new DCI formats for multi-cell scheduling should be down-selected.
Proposal 7: It should be determined that BD/CCE of multi-cell scheduling DCI is counted in one scheduled cell only or each scheduled cell.
Proposal 8: Shared or separate indication for the fields of HARQ-ACK feedback should be determined considering both overhead reduction and spec impact.
Proposal 9: The fields for Rel-16/17 feature is supported and can be configurable in the multi-cell scheduling DCI. 
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