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During RAN#86 meeting, a new work item on DSS (dynamic spectrum sharing) was approved for Rel-17 [1]. In this WI, two main objectives are included, i.e., SCell-schedule-PCell and one-to-two scheduling. The two objectives are mainly introduced to reduce the PDCCH blockage issue under DSS scenario. 
	This work item is limited to FR1, and includes the following objectives for NR Dynamic Spectrum Sharing (DSS):
· PDCCH enhancements for cross-carrier scheduling including [RAN1, RAN2]
· PDCCH of SCell scheduling PDSCH or PUSCH on P(S)Cell
· Study, and if agreed specify PDCCH of P(S)Cell/SCell scheduling PDSCH on multiple cells using a single DCI
· The number of cells can be scheduled at once is limited to 2
· The increase in DCI size should be minimized
· [bookmark: _Hlk27038352]Note: The total PDCCH blind decoding budget should not be changed as a result of this work
· Note: These enhancements are not specific to DSS and are generally applicable to cross-carrier scheduling in carrier aggregation


In this contribution, we provide our preliminary simulation results and analysis for one-to-two scheduling, focusing on the necessity of one-to-two scheduling, simulation results and potential open issues.
Discussion
Relationship between SCell-schedule-PCell and one-to-two scheduling
As mentioned in the justification section of the WID, the main motivation of this WI is to ensure sufficient scheduling capacity for NR UEs on the shared carriers under DSS scenario. Take Fig.1 as an example, LTE and NR share the same carrier. In order to avoid interference to the LTE system, NR scheduling is not expected to overlap with the LTE PDCCH region and symbol with LTE CRS. In this case, the available resources for NR PDCCH and NR PDSCH are pretty constrained. This WI aims to mitigate the NR PDCCH constraints and ensure sufficient scheduling capacity for NR UEs.
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Fig.1 A typical scenario of DSS.
SCell-schedule-PCell
Most typically, the cell with lower frequency is configured as the primary cell to guarantee the DL/UL coverage. In case of DSS, the shared cell is most likely to be configured as PCell. To mitigate the PDCCH resource constraint in PCell, cross-carrier scheduling can be considered to move the PDCCH in one cell to another cell. However, in Rel-15/16, SCell cross-carrier schedules PCell is not allowed. Thus, SCell cross-carrier schedules PCell has been approved as one solution in this WI to resolve the PDCCH constraint issue on PCell. With this, network can ensure sufficient scheduling capacity for NR UEs in shared carriers. In our companion contribution [2], we provide our analysis and consideration on Scell-schedule-PCell.
One-to-two scheduling
Some companies mentioned that even with the SCell-schedule-PCell, the PDCCH constraint issue is still there as the resources occupied by PDCCH don’t reduce while they are just moved from PCell to SCell. However, the NR carrier is expected to have much larger bandwidth than the LTE carrier. Moving the PDCCH from PCell to NR SCell won’t incur any PDCCH resource constraint in the NR carrier. One may argue that if the bandwidth of SCell is still limited, then the PDCCH resource constraint issue is still there. However, any carrier with limited bandwidth would cause PDCCH resource constraint issue, which is not an issue specific to DSS. In this sense, SCell-schedule-PCell can already resolve the PDCCH resource constraint issue for DSS and the necessity of additionally introducing one-to-two scheduling is not justified.
Observation 1: SCell-schedule-PCell can effectively resolve the PDCCH capacity issue on PCell i.e. usually a shared carrier in DSS scenario, which is the major issue to be addressed in this WI. On top of it, one-to-two scheduling may potentially further improves scheduling capacity but it is more for NR-only carrier i.e. not a DSS specific enhancement. With SCell-schedule-PCell already in the scope of this WI, the necessity of additionally introducing one-to-two scheduling needs to be further justified.

Preliminary simulation results and analysis
Based on this WI, PDCCH enhancements for cross-carrier scheduling includes the study of whether to agree to specify PDCCH of P(S)Cell/SCell scheduling PDSCH on up to two cells using a single DCI. In common sense, the size of the single DCI will increase when it schedules PDSCH on two cells, which will lead to a higher aggregation level (AL). It may increase PDCCH blocking rate with high aggregation level. If PDCCH blocking rate of using one bigger size DCI for scheduling PDSCH on two cells is higher than or close to that of using two DCIs with normal size for legacy scheduling, the enhancement of scheduling PDSCH on two cells using a single DCI is meaningless.
To compare the performance of using one bigger size DCI and two DCIs with normal size under a typical scenario, PDCCH blocking rate of the two cases above is evaluated via a simulation. Firstly, the large-scale results in Fig.A-1 in urban scenario and link level results of PDCCH in Fig.A-2 are obtained through system level simulation and link level simulation respectively. Then, according to the results above, the probability of each aggregation level can be obtained. Finally, we use the probability to simulate PDCCH blocking rate with case 1 and case 2. The case 1 represents two DCIs with normal size scheduling PDSCH on two cells respectively, and the case 2 represents one bigger size DCI scheduling PDSCH on two cells. DCI size (excluding CRC) is 60 bits in case 1 with all UEs assumed with legacy scheduling. DCI size of 70, 80, 84, 85, and 90 bits are used to simulate in case 2 with all UEs assumed with enhanced scheduling (one-to-two scheduling). The simulation results of blocking rate are showed in Fig.1. The remaining details of simulation assumptions (Table A-1) and CCE utilization rate (Fig. A-3) are listed in the appendix.  
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Fig.1 PDCCH blocking rate for 2 cases
As show in Fig.1, although the PDCCH blocking rate using one bigger DCI is lower than that using two normal DCIs, the gain is marginal if the size of the DCI in case 2 is larger than 84 bits. In our simulation scenario, most of DCIs are transmitted through AL = 1 CCE because of the good channel quality. When the DCI size is larger than 84 bits, DCI can only be transmitted through at least AL = 2 CCEs because the max available payload of AL = 1 CCE is exceeded, which will lead to a significant increase in CCE utilization rate of case 2, and further increase the PDCCH blocking rate. 
Based on the analysis above, we have the following observation. 
Observation 2: Single DCI scheduling two PDSCHs on two carriers provides lower PDCCH blocking rate if the DCI size is smaller than 85 bits (excluding CRC). However, the gain is marginal if the DCI size is equal or larger than 85bits.
Open issues
If agreed to specify PDCCH of P(S)Cell/SCell scheduling PDSCH on up to two cells using a single DCI, then each DCI field needs to be decided whether to adopt shared indication or separate indication. For shared indication, the two PDSCHs on two different carriers can share the same valued indicated by the DCI field. While for separate indication, two separate values are indicated to the two PDSCHs on two different carriers, respectively. 
Then for this single DCI with enhanced scheduling, whether using existing DL assignment(s) or new DL format should be determined. Furthermore, for this single DCI with enhanced scheduling, the total PDCCH blind decoding budget should not be changed as a result of this work.
DCI fields
Firstly, we assume the baseline DCI format for legacy PDSCH scheduling is Rel-15 DCI format 1_1 with cross-carrier scheduling function. All Rel-15 DCI fields of DCI format 1_1 are listed in Table 1 below. For each field of the single DCI with enhanced scheduling, whether to adopt shared or separate indication should be determined. For example, Identifier for DCI formats can apply shared indication because the cells are both scheduled with PDSCH. The Frequency/Time resource on the two cells need to be indicated separately due to different requirement/configuration on the two cells. In order to maintain system efficiency, AMC related fields should be indicated separately. The feedback of the PDSCH on the two cells can be in 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 two carriers and UE feature which can be also shared or separate indication.
Observation 3: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to discuss whether to adopt shared indication or separate indication for each DCI field.
Table 1 DCI fields for the single DCI with enhanced scheduling (assume BWP = 100 PRBs)
	DCI fields of Format 1_1
	Bit size of Format 1_1 (bits)
	Baseline size (bits)
	Single DCI with enhanced scheduling (Shared or Separate indication)
	Bit size of Single DCI with enhanced scheduling compared with baseline size (bits) 

	Identifier for DCI formats
	1
	1
	Shared
	1

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

	Bandwidth part indicator
	0 – 2
	1
	Separate
	2

	Frequency domain resource assignment
	13
	13
	Separate
	26

	Time domain resource assignment
	0 - 4
	4
	Separate
	8

	VRB-to-PRB mapping
	0 or 1
	1
	Separate
	2

	PRB bundling size indicator
	0 or 1
	1
	Separate
	2

	Rate matching indicator
	0 - 2
	1
	Separate
	2

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

	TB1: Modulation and coding scheme
	5
	5
	Separate
	10

	TB1: New data indicator
	1
	1
	Separate
	2

	TB1: Redundancy version
	2
	2
	Separate
	4

	TB2: Modulation and coding scheme
	5
	-
	Separate
	-

	TB2: New data indicator
	1
	-
	Separate
	-

	TB2: Redundancy version
	2
	-
	Separate
	-

	HARQ process number
	4
	4
	Separate
	8

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

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

	PUCCH resource indicator
	3
	3
	Shared or separate
	3 or 6

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

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

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

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

	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

	Total size (excluding CRC)
	38 - 83
	60
	Total size (bits)
	93 - 119


Ideally, all the DCI fields adopt separate indication for the one-to-two scheduling DCI. In this case, network can have fully flexibility and can guarantee the PDSCH throughput. However, the DCI size of this one-to-two scheduling DCI is pretty large, which will result with high PDCCH blockage and thus negate the benefits of one-to-two scheduling. On the other hand, if all the DCI fields adopt shared indication for the one-to-two scheduling DCI. In this case, the PDSCH scheduling would have lots of limitations, which may lead to performance degradation in the end. It is hard to figure out the tradeoff between flexibility and DCI size considering that different companies may have different views. 
Based on our preliminary analysis, to guarantee at least the moderate flexibility, the size of this enhanced DCI for one-to-two scheduling is at least 93 bits compared with baseline size of 60 bits for legacy scheduling in Table 1. If we want to have fully flexibility, the DCI size can go up to 119 bits. Furthermore, if two TBs or CBG transmission are supported on each carrier, then the DCI size will be increased further. 
Observation 4: If single DCI scheduling two PDSCHs on two carriers is supported, to guarantee at least the moderate flexibility, the minimum size of this enhanced DCI for one-to-two scheduling is 93 bits compared with 60 bits for legacy scheduling.
Furthermore, other DCI fields introduced in Rel-16 of DCI format 1_1 are listed in Table 2 below. For simplicity, Rel-16 NRU/URLLC/Power saving related DCI fields can be ignored in Rel-17 DSS, thus the fields in Table 2 can be all ignored. However, if one or both of cells are configured with NRU/URLLC/Power saving related functionality, then each field in Table 2 should be determined whether to adopt shared or separate indication for the single DCI with enhanced scheduling. For SCell dormancy indication field, it can be shared indication because it originally used for a group of cells of each bit. While for other fields, more studies are needed.
Observation 5: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to handle the Rel-16 newly introduced DCI fields in DCI format 1_1. 
Table 2 DCI fields introduced in Rel-16 for the single DCI with enhanced scheduling
	DCI fields of Format 1_1
	Bit size of Format 1_1 (bits)
	Single DCI with enhanced scheduling (Shared or Separate indication)

	One-shot HARQ-ACK request 
	0 or 1
	Shared or separate

	PDSCH group index
	0 or 1
	Shared or separate

	New feedback indicator
	0 – 2
	Shared or separate

	Number of requested PDSCH group(s)
	0 or 1
	Shared or separate

	ChannelAccess-CPext
	0 - 4
	Shared or separate

	Priority indicator
	0 or 1
	Shared or separate

	Minimum applicable scheduling offset indicator
	0 or 1
	Shared or separate

	SCell dormancy indication
	0 - 5
	Shared


DCI format
The single DCI with enhanced scheduling can be designed by using DCI format 1_1/1_2 as a starting point. If the enhanced scheduling is enabled, then the format 1_1/1_2 with bigger size will be used for scheduling PDSCH on up to two cells. Note that scheduling PUSCH on two cells is out of the scope of this WI, then more padding bits are needed if size of DCI format 0_1/0_2 are required to align with the size of DCI format 1_1/1_2 once DCI size budget is exceeded. Meanwhile, scheduling PDSCH on two cells are not always needed, then dynamic fallback to single cell scheduling should be compatible as well. In this case, the bigger size should be not change due to avoid additional blind decoding. In other words, even if the DCI fallbacks to scheduling PDSCH only on one cell, its DCI size has to be aligned with the bigger DCI size too.
Alternatively, new DCI format, e.g., format 1_3, can be also considered. In this case, the new DCI format 1_3 is introduced only for scheduling PDSCH on two 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 1_3. And UL grant corresponding to this new DL assignment is not needed too. But this will challenge the DCI size budget/alignment.   
Observation 6: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study whether to apply DCI format 1_1/1_2 or introduce a new DCI format for one-to-two scheduling. 
How to schedule the two cells
With the current CA mechanism, each CIF index corresponds to one scheduled cell. In case that scheduling PDSCH on two cells via a single DCI is supported, how to indicate the two scheduled cells should be studied. 
If dynamic combination of the two cells is supported, separated indication of CIF is needed. Since different cells may have different configurations, the size of this single DCI need to be determined according the carrier combination with maximum DCI size. Another way is to consider predefined combination of the two scheduled cells. For example, cell corresponding to CIF=x and cell corresponding to CIF=0 are always bundled together. In this case, only one CIF field is sufficient.
If semi-static combination of the two cells by code-point of CIF is supported, also only one CIF indication is enough. While CIF configuration needs to be updated accordingly.
Observation 7: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to indicate the two scheduled carriers.
Blind decoding issues
Furthermore, for this single DCI with enhanced scheduling, the total PDCCH blind decoding budget should not be changed as a result of this work. 
In case additional DCI size is introduced based on the new DCI format, e.g., DCI format 1_3, the blind decoding number may be increased, but the total blind decoding number can be controlled to avoid beyond the BD budget by reasonable candidate configuration.
Another issue is in which USS to blind decode the single DCI with enhanced scheduling. In current spec, USS on the scheduling cell for each scheduled cell is determined by CIF value. Then for this single DCI with enhanced scheduling, using the USS of one of the two cells or both cells should be determined. And it is better to determine after the issue of how to schedule the two cells are solved with a certain CIF indication method. Also the blind decoding budget should not be changed in case of additional search space introduced to blind decoding.
Observation 8: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to guarantee the current BD/CCE budget.
HARQ-ACK feedback
Another open issue is how to construct the HARQ-ACK codebook for one-to-two PDSCH scheduling 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. However, this would significantly increase the DCI size. Another approach is to adopt shared indication for the related DCI fields. Then, some further studies are needed to finalize the detailed mechanism.
Observation 9: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to perform the corresponding HARQ-ACK feedback.
Summary
Based on our simulation results in Section 2.2, the gain of one-to-two scheduling DCI is marginal if the size of this one-to-two scheduling DCI is equal to or larger than 85 bits (excluding the CRC). However, based on our analysis in Section 2.3.1, it is difficult or impossible to limit size of this one-to-two scheduling DCI to be smaller than 93 bits if the network needs to guarantee the scheduling flexibility. There are some ways to further reduce the DCI size, e.g., shared indication for both carriers. However, this would definitely reduce the scheduling flexibility and impose unnecessary limitations on the configuration of these two carriers.
Observation 10: It is impossible to obtain the gain of single DCI scheduling two PDSCHs on two carriers without sacrificing the scheduling flexibility.
Besides, the TU reserved for DSS WI in RAN1 is 6 TUs in total with 1 TU per meeting. Except for the first meeting, which may be used to study the motivation and potential gain of one-to-two scheduling, there are only 5 meetings left for further discussion on one-to-two scheduling. Considering the all the contentious issues raised in Section 2.3, it is impossible for companies to finalize all the detailed design with only 1 TU reserved for DSS WI, especially considering that SCell-schedule-PCell and Rel-17 MRDC share the same 1 TU with one-to-two scheduling. In this sense, it is preferred to put off the one-to-two scheduling to later release or increase the TU for DSS WI. Based on our understanding, increasing TUs for DSS WI means take out TUs from other WIs as the whole Rel-17 package WIs have been already finalized in last year. Thus, it is more appropriate to put off one-to-two scheduling to future release.
Observation 11: Considering all the contentious issues on one-to-two scheduling and the limited TUs for DSS WI, the timely completion of one-to-two scheduling and other more important enhancements may be jeopardized. It is more desirable to prioritize and focus more on the standardization on Scell-schedule-PCell which is more important for resolving PDCCH capacity issue in DSS scenarios. 
Overall, from our perspective, it seems more practical to skip the one-to-two scheduling in Rel-17 DSS WI. 
Proposal 1: RAN1 further discusses the necessity, gain, open issues and possibility of timely completion of single DCI scheduling two PDSCHs on two carriers.
Conclusion
In this contribution, analysis on the necessity, gain, open issues and possibility of timely completion of single DCI scheduling two PDSCHs on two carriers are presented with the following observations and proposals. 
Observation 1: SCell-schedule-PCell can effectively resolve the PDCCH capacity issue on PCell i.e. usually a shared carrier in DSS scenario, which is the major issue to be addressed in this WI. On top of it, one-to-two scheduling may potentially further improves scheduling capacity but it is more for NR-only carrier i.e. not a DSS specific enhancement. With SCell-schedule-PCell already in the scope of this WI, the necessity of additionally introducing one-to-two scheduling needs to be further justified.
Observation 2: Single DCI scheduling two PDSCHs on two carriers provides lower PDCCH blocking rate if the DCI size is smaller than 85 bits (excluding CRC). However, the gain is marginal if the DCI size is equal or larger than 85bits.
Observation 3: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to discuss whether to adopt shared indication or separate indication for each DCI field.
Observation 4: If single DCI scheduling two PDSCHs on two carriers is supported, to guarantee at least the moderate flexibility, the minimum size of this enhanced DCI for one-to-two scheduling is 93bits compared with 60 bits for legacy scheduling.
Observation 5: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to handle the Rel-16 newly introduced DCI fields in DCI format 1_1. 
Observation 6: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study whether to apply DCI format 1_1/1_2 or introduce a new DCI format for one-to-two scheduling. 
Observation 7: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to indicate the two scheduled carriers.
Observation 8: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to guarantee the current BD/CCE budget.
Observation 9: If single DCI scheduling two PDSCHs on two carriers is supported, RAN1 needs to further study how to perform the corresponding HARQ-ACK feedback.
Observation 10: It is impossible to obtain the gain of single DCI scheduling two PDSCHs on two carriers without sacrificing the scheduling flexibility.
Observation 11: Considering all the contentious issues on one-to-two scheduling and the limited TUs for DSS WI, the timely completion of one-to-two scheduling and other more important enhancements may be jeopardized. It is more desirable to prioritize and focus more on the standardization on Scell-schedule-PCell which is more important for resolving PDCCH capacity issue in DSS scenarios. 

Proposal 1: RAN1 further discusses the necessity, gain, open issues and possibility of timely completion of single DCI scheduling two PDSCHs on two carriers.
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Appendix Simulation assumptions
Table A-1 Simulation Assumptions
	Parameters
	Value

	DCI payload (excluding 24 bits CRC)
	60 bits for case 1, 70, 80, 84, 85 and 90 bits for case 2

	System bandwidth
	20 MHz

	Carrier Frequency
	2 GHz

	UE speed
	3 km/h

	Number of UE antennas
	2 Rx

	Number of symbols for CORESET
	2

	Subcarrier spacing
	15 KHz

	Transmission type
	Interleaved(R=3 for 3OS,others,R=2)

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel model
	TDL-C (delay spread: 300ns) 

	Channel estimation
	Practical

	Receiver type
	MMSE

	Q value (i.e. SINR range) 
	Companies report the 5% Q value 

	Note: CORESET size is 16 CCEs, and number of candidates for AL=1, 2, 4, 8, 16 CCEs are configured as 4, 2, 2, 1, 1. 
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Fig.A-1. CDF of SNR for PDCCH in Urban scenario (O2I)
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Fig.A-2. Link level simulation results
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Fig.A-3. CCE utilization rate for 2 cases
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