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1 Introduction
In RAN1#102-e, the following agreements are reached for the study on multi-cell PDSCH scheduling via single DCI.
	Agreements:

· For the study on single DCI scheduling PDSCH on two cells 

· Consider the following scenarios as baseline for evaluation 
· UE configured with Inter-band CA with PCell and an SCell 
· PCell for the UE is operated on a DSS carrier (i.e.,  same carrier is also used for serving LTE users)

· Case 1: Different SCS for PCell and SCell

· Case 2: Same SCS for PCell and SCell

· Additional scenarios can also be evaluated, e.g. as below 

· Intra-band CA case with multiple serving cells having same SCS (all cells operated on non DSS carriers)

· Inter-band CA case with PCell and more than one SCell (at least the SCells are operated on non DSS carriers)

· Note: other combinations not precluded

· Note: Further details of evaluation framework (including carrier BW, slot format etc.) to be discussed in next stage


However, to conclude the study, more agreements on evaluation methodology are needed. This paper provides our views on further details of evaluation methodology and solutions to support multi-cell PDSCH scheduling via single DCI. 
2 Evaluation Methodology
To align companies’ evaluation directions, it would be better to further agree on more evaluation assumption details for the baseline cases agreed in RAN1#102-e, at least including:
· Channel model
· SLS: UMa
· LLS: TDL_C with DS = 100ns, 300ns
· Carrier frequency
· 2GHz, 4GHz

· Channel bandwidth

· 20MHz, 100MHz

· Subcarrier spacings & duplex mode
· DSS carrier: 15KHz (FDD)
· Non-DSS carrier: 15KHz (FDD) or 30KHz (TDD)
· Baseline Rel-16 DCI size for the corresponding channel bandwidth
· 20MHz: 60 bits (without CRC bits)
· 100MHz: 84 bits (without CRC bits)
In addition to evaluation assumption, it’s also important to agree on which aspects are considered to conclude the study. In RAN1#102-e, the following proposal provided by the feature lead is suggested.
	FL proposal:

· For the study on single DCI scheduling PDSCH on two cells, following aspects can be evaluated 

· PDCCH overhead impact

· Scheduling flexibility impact including PDCCH blocking

· System throughput impact

· UE complexity impact

· UE power consumption impact


For each aspect shown above, KPIs are suggested as follows.

· PDCCH overhead impact

· Average CCE number per slot based on SLS effective SINR distribution
· Scheduling flexibility impact, including PDCCH blocking

· PDCCH blocking rate
· System throughput impact

· DL user throughput based on the assumed DL control region reservation

· UE complexity impact
· The number of blind decoding candidates

· UE power consumption impact
· UE power saving gain based on the UE power model in TR38.840
More detailed evaluation assumptions for LLS and SLS are shown in Table 1 and Table 2, respectively.
Table 1: LLS evaluation assumptions
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Table 2: SLS evaluation assumptions
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Proposal 1: Adopt the following assumptions for the evaluation.
· Channel model

· SLS: UMa

· LLS: TDL_C with DS = 100ns, 300ns

· Carrier frequency

· 2GHz, 4GHz

· Channel bandwidth

· 20MHz, 100MHz

· Subcarrier spacings & duplex mode

· DSS carrier: 15KHz (FDD)

· Non-DSS carrier: 15KHz (FDD) or 30KHz (TDD)

· Baseline Rel-16 DCI size for the corresponding channel bandwidth

· 20MHz: 60 bits (without CRC bits)

· 100MHz: 84 bits (without CRC bits)

Proposal 2: Adopt the following performance aspects for the evaluation.
· PDCCH overhead impact

· Average CCE number per slot based on SLS effective SINR distribution

· Scheduling flexibility impact, including PDCCH blocking

· PDCCH blocking rate

· System throughput impact

· DL user throughput based on the assumed DL control region reservation

· UE complexity impact

· The number of blind decoding candidates

· UE power consumption impact

· UE power saving gain based on the UE power model in TR38.840

3 DCI aggregation for cross-carrier scheduling

Compared to single carrier, carrier aggregation has poorer DCI scheduling efficiency. Since carrier aggregation is useful for non-contiguous spectrum, it would be beneficial to improve its DCI scheduling efficiency to be similar to single carrier.

In DSS, PCell may be in the carrier shared with LTE in lower frequency band (e.g. 2GHz) so moving scheduling DCI from PCell to SCell in higher frequency band (e.g. 4GHz) is beneficial to resolve the issue of insufficient NR DL control capacity due to LTE DL control region in PCell. However, to match the scheduled PDSCH/PUSCH coverage in lower-frequency PCell, larger aggregation level is required for scheduling PDCCH transmission in higher-frequency SCell to compensate larger pathloss. Therefore, improving DCI scheduling efficiency in carrier aggregation can also avoid potential DL control capacity exhaust in higher-frequency SCell.
There are two main approaches to improve DCI scheduling efficiency in carrier aggregation. Figure 1 illustrates the difference among legacy scheme, 1-stage DCI aggregation and 2-stage DCI aggregation. More details description is further shown below.
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Figure 1. Comparison among legacy scheme, 1-stage DCI aggregation and 2-stage DCI aggregation
1-stage DCI aggregation:
· DCIs for the scheduled cells are aggregated into a 1-stage DCI, which is carried in a PDCCH
· The aggregated DCI consists of three parts
· Common scheduling info for all cells

· Scheduling info specifically for each cell 

· CRC bits

· The aggregated DCI size doesn’t scale with the number of the scheduled cells
· Blind decoding complexity is
· Case 1: The same as single carrier if only the aggregated DCI needs to be monitored
· Case 2: Larger than legacy scheme if both legacy DCIs for all cells and the aggregated DCI need to be monitored

2-stage DCI aggregation:
· DCIs for the scheduled cells are aggregated into a 2-stage DCI, where 1st stage DCI is carried in a PDCCH and 2nd stage DCI is carried in a set of REs indicated in the 1st stage DCI

· 1st stage DCI and 2nd stage DCI are in the same slot

· The 1st stage aggregated DCI consists of four parts

· Common scheduling info for all cells

· Scheduling info specifically for the 1st scheduled cell

· Information related to 2nd stage DCI

· Information related to which serving cells (or carriers) are scheduled by the 2nd stage DCI

· Modulation order of the 2nd stage DCI
· Time-frequency location & size of the occupied radio resource for the 2nd stage DCI

· Antenna port of reference signal used for demodulation of 2nd stage DCI

· CRC bits

· CRC bit number and generation are the same as legacy DCI, i.e. 24 bits
· The 2nd stage aggregated DCI consists of two parts

· Scheduling info specifically for the remaining scheduled cells

· The scheduling information for the scheduled serving cells is aggregated in ascending or descending order based on the serving cell identification of each scheduled serving cell (or carrier)

· CRC bits

· CRC bit number and generation can be the same as legacy UCI, i.e. 11 bits
· The aggregated DCI size is scaled with the number of the scheduled cells

· Blind decoding complexity is the same as single carrier
· Blind decoding is needed for the 1st stage aggregated DCI

· NO blind decoding is needed for the 2nd stage aggregated DCI
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Figure 2. Example illustration of 2-stage aggregated DCI when 2nd stage DCI is in non-DL-control region of a slot
Compared to legacy scheme, there are several benefits to apply 2-stage aggregated DCI for cross-carrier scheduling.
· UE blind decoding complexity is fixed to be the same as single carrier and doesn’t scale with the number of carriers in CA
· DL control capacity is not limited to DL control region size of a serving cell, especially for the cross-carrier scheduling of a large number of carriers
· The aggregated DCI size is not fixed and can be scaled with the number of the scheduled cells
· Scheduling flexibility across the scheduled cells can be kept by adding 1 bit in 1st stage DCI for the indication to enable more different bitfields (e.g. FDRA/TDRA) in the scheduling info of the scheduled cells

However, due to the inclusion of the information related to 2nd stage DCI in 1st stage DCI carried in PDCCH, PDCCH coverage may be impacted. Based on our initial assessment, additional 7~9 bits may be needed in 1st stage DCI for the cross-carrier scheduling of 2 carriers.
Proposal 3: Both 1-stage DCI aggregation and 2-stage DCI aggregation for cross-carrier scheduling should be included for the evaluation.
4 Preliminary evaluation results 

Table 3 and Table 4 provides the required SNR for each aggregation level (AL) for different DCI sizes based on LLS results and corresponding mean CCE number based on SLS results with FTP packet size = 12K and 20K bytes.
Table 3. Required SNR based on LLS & mean CCE number based on SLS
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Table 4. Required SINR based on LLS & mean CCE number based on SLS
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Figure 3 shows the CDF for the number of scheduling DCIs per UE in a slot. From the CDF, a UE is scheduled with PDSCH over 2 cells for only 40~50% of slots. It’s also observed that the time portion increases with the FTP packet size.
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	FTP packet size = 12K bytes
	FTP packet size = 20K bytes


Figure 3. CDF of the scheduling DCI number per UE in a slot for 2-cell carrier aggregation using legacy DCI
Figure 4 shows the consolidated evaluation results for the aggregated DCI size 84 and 94 bits without CRC bits, assuming that the aggregated DCI size is scaled with the number of scheduled cells. From the results, even though there is only 40~50% of time to have two scheduled cells for a UE within a slot in 2-cell CA, there is still around 30% DCI overhead reduction. In addition, DCI aggregation also provides benefits in terms of UE blind decoding complexity and power consumption for UE blind decoding.
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Figure 4. Consolidated evaluation results of Rel-16 vs. Rel-17 DCI aggregation for x-carrier scheduling
Observation 1: A UE with 2-cell CA is not always scheduled with PDSCHs over 2 cells whenever there is data packet.
Observation 2: Around 30% DCI overhead reduction is observed for Rel-17 DCI aggregation for x-carrier scheduling, assuming that the aggregated DCI size is scaled with the number of scheduled cells.
Observation 3: There is 50% and 15% reduction are observed for UE blind decoding complexity and power consumption, respectively.
Proposal 4: Support DCI aggregation for cross-carrier scheduling in Rel-17 DSS.
· FFS whether DCI aggregation for cross-carrier scheduling is 1-stage or 2-stage
5 Summary 

In this contribution, we focus on the discussions of multi-cell PDSCH scheduling via a single DCI in Rel-17 and have the following observations and proposals:
Proposal 1: Adopt the following assumptions for the evaluation.

· Channel model

· SLS: UMa

· LLS: TDL_C with DS = 100ns, 300ns

· Carrier frequency

· 2GHz, 4GHz

· Channel bandwidth

· 20MHz, 100MHz

· Subcarrier spacings & duplex mode

· DSS carrier: 15KHz (FDD)

· Non-DSS carrier: 15KHz (FDD) or 30KHz (TDD)

· Baseline Rel-16 DCI size for the corresponding channel bandwidth

· 20MHz: 60 bits (without CRC bits)

· 100MHz: 84 bits (without CRC bits)

Proposal 2: Adopt the following performance aspects for the evaluation.

· PDCCH overhead impact

· Average CCE number per slot based on SLS effective SINR distribution

· Scheduling flexibility impact, including PDCCH blocking

· PDCCH blocking rate

· System throughput impact

· DL user throughput based on the assumed DL control region reservation

· UE complexity impact

· The number of blind decoding candidates

· UE power consumption impact

· UE power saving gain based on the UE power model in TR38.840

Proposal 3: Both 1-stage DCI aggregation and 2-stage DCI aggregation for cross-carrier scheduling should be included for the evaluation.

Observation 1: A UE with 2-cell CA is not always scheduled with PDSCHs over 2 cells whenever there is data packet.

Observation 2: Around 30% DCI overhead reduction is observed for Rel-17 DCI aggregation for x-carrier scheduling, assuming that the aggregated DCI size is scaled with the number of scheduled cells.

Observation 3: There is 50% and 15% reduction are observed for UE blind decoding complexity and power consumption, respectively.
Proposal 4: Support DCI aggregation for cross-carrier scheduling in Rel-17 DSS.

· FFS whether DCI aggregation for cross-carrier scheduling is 1-stage or 2-stage
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