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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#86 meeting, a new WID on NR Dynamic spectrum sharing (DSS) was approved for Release 17 [1]. The work item is limited to FR1, and includes the following objectives:
	· PDCCH enhancements for cross-carrier scheduling including [RAN1, RAN2]
· PDCCH of SCell scheduling PDSCH or PUSCH on P(S)Cell
· [bookmark: OLE_LINK11]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 RAN1#102-e, some scenarios are agreed as baseline for the evaluation of DSS.
	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


In this contribution, the objective of PDCCH scheduling PDSCH on multiple cells using a single DCI is discussed, including the motivations, candidate schemes, corresponding performance evaluation for the objective and other considerations including specification impact. 
[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: _Ref129681832]Discussion
Motivations
Dynamic spectrum sharing (DSS) provides a very useful migration path from LTE to NR by allowing LTE and NR to share the same carrier. Considering the restriction of LTE and the increased NR devices in a network, it is important to ensure sufficient scheduling capacity for NR UEs on the shared carriers, and it is expected to avoid impact on LTE as much as possible. 
Along with the above, two candidate PDCCH enhancements are proposed for Rel-17 DSS: the first is PDCCH of SCell scheduling PDSCH or PUSCH on P(S)Cell, and the second is PDCCH of P(S)Cell/SCell scheduling PDSCH on multiple cells using a single DCI. Allowing SCell to schedule PDSCH/PUSCH on P(S)Cell mitigates the NR PDCCH congestion by offloading at least some of the NR PDCCH transmission from P(S)Cell (if configured as DSS carrier) out to SCell (as non-DSS carrier). However, it is worth noting that the two carriers with one shared with LTE spectrum will be used for users from two RATs, meaning the total traffic load can be often high. With DSS, the flexibility of load balancing for NR users among two carriers will be reduced, since there could be LTE traffic in the DSS carrier in a long term. In other words, the total scheduling capacity of NR devices are still be limited, or may suffer PDCCH congestion in the offloaded carriers, since the NR control resource of SCell must carry the control information for both P(S)Cell and SCell. This becomes serious especially when the SCell(s) or non-DSS carrier(s) does not have a wideband spectrum either, for example the spectrum in sub3G as many operators hold. 
In this sense, the second approach aiming for real PDCCH overhead reduction can be attractive, by which the NR PDCCH capacity can be enhanced and system spectrum efficiency is also improved. This would be promising with NR capable of many services, including the scenarios with large packet size and long duration e.g. video or XR/VR, and the scenarios with small packet size but many users such that PDCCH overhead is concerned if not equipped with further overhead reduction techniques. Objective 2 is expected to be able to provide benefits on top of objective 1. While in real deployments and networks, the techniques specified by both objectives may be used together or separately, with or without DSS carrier, depending on network configurations and/or traffic conditions. 
[bookmark: OLE_LINK15]We will investigate the possible schemes on high-level for achieving joint scheduling of multi-carriers and corresponding performance with different metrics in the following sections.
Evaluations
Candidate schemes
There are following two possible schemes can be discussed:
· Scheme 1: one DCI schedules two PDSCHs over two cells 
This scheme simply consider the corresponding scheduling information for the PDSCHs for respective carriers are carried by a single PDCCH, as illustrated in Figure 1, where at least some key scheduling information for each transport block e.g. MCS remain separate field in the DCI in order to provide proper scheduling for each carrier.  For this scheme, the detailed DCI fields are tradeoff between scheduling flexibility and PDCCH performance, e.g. capacity and/or coverage. 
[image: ]
[bookmark: _Ref47726198]Figure 1 Scheme 1 for single DCI scheduling two separate PDSCHs on two carriers respectively
· Scheme 2: one DCI schedules one PDSCH over two cells
For some cases, e.g. in low bands of sub-3GHz, the MCS levels corresponding to different carriers may not differ much, which motivates another possibility to map a single PDSCH with one set of scheduling information on two carriers simultaneously, as illustrated in Figure 2. In this case, the different carriers are more about resource allocation in distanced frequency. The DCI size can be more compact in this case, e.g. similar as R15/16 PDCCH format. 
In order to avoid further UE complexity or implementation change, some restrictions can be assumed, e.g. the total possible number of schedulable PRBs should be no more than 273@15 kHz, the same as Rel-15 UE. The SCS configurations for two carriers are the same, which holds in general for sub-3GHz.
[image: ]
[bookmark: _Ref47726212]Figure 2 Scheme 2 for single DCI scheduling single PDSCH on two carriers
In the following, we first analyze the average number of CCEs that are saved thanks to the single DCI joint scheduling by link level simulation, which focuses on the control signaling whether the associated TB(s) is one or two. Spectrum efficiency with PDCCH blocking probability taken into account, and PDCCH coverage for the two possible schemes are also evaluated and results are demonstrated after the LLS results.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2] PDCCH overhead
In current specification, one DCI can only schedule a single serving cell with a particular PDCCH aggregation level. Multiple DCIs are needed to schedule multiple serving cells, the total PDCCH overhead is multiplier relation with the number of serving cells. For multi-carrier scheduling using single DCI, less PDCCH overhead will be used compared with multiple DCIs. In order to provide the detailed evaluation results, LLS and SLS based on the simulation assumptions in the Appendix A are performed. According to the agreements in the last meeting, various scenarios should be considered, e.g. same numerology and different numerology. Following 3 frequency band combinations are evaluated and analyzed in this section.
· Combination 1: 700 MHz (15kHz SCS, FDD) and 800 MHz (15kHz SCS, FDD)
· Combination 2: 700 MHz (15kHz SCS, FDD) and 1800 MHz (15kHz SCS, FDD)
· Combination 3: 1800 MHz (15kHz SCS, FDD) and 3500 MHz (30kHz SCS, TDD)
In the LLS, taking the legacy DCI with 60 bits payload size (excluding 24 bits CRC) which schedules a serving cell as baseline, and the single DCI with 72/82/96/110/120 bits payload size (excluding 24bits CRC) which schedules multiple serving cells are assumed. In the SLS, the corresponding CDF of UE geometry, i.e. CDF of UE SNR distribution for each frequency band can be achieved and can be found in the Appendix D. Based on the LLS results and CDF, the required SNR @1% BLER for each AL and corresponding AL ratio for different DCI sizes can be derived, and can be found in the Appendix D. 
Then the average number of CCEs occupied by a DCI can be easily derived based on the results in the Appendix D. The number of average CCEs and corresponding saving ratio of single DCI compared with two legacy DCIs can be found in Table 1- Table 3. For combination 1, the required SNR  @1% BLER and CDF of 700MHz is similar as 800 MHz, the average CCE saving ratio is also similar regardless of where the single DCI is sent. 
[bookmark: _Ref53765978]Table 1: Average CCE saving ratio for combination 1
	DCI size   (without CRC)
	Average CCE saving ratio

	60 bits (baseline)
	-

	60 bits (single DCI)
	50%

	72 bits (single DCI)
	45.3%

	82 bits (single DCI)
	40.6%

	96 bits (single DCI)
	33%

	110 bits (single DCI)
	26.8%

	120 bits (single DCI)
	23%



Table 2: Average CCE saving ratio for combination 2 
	DCI size
 without CRC
	Average CCE saving ratio 

	[bookmark: _Hlk53566991]
	Baseline [image: ]
Single DCI [image: ]                                
	[bookmark: OLE_LINK20]Baseline [image: ]
Single DCI[image: ]
	[bookmark: OLE_LINK21]Baseline [image: ]Single DCI[image: ]
	Baseline  [image: ] Single DCI[image: ]

	60 bits (Baseline)
	-
	-
	-
	-

	60 bits (Single DCI)
	49.6%
	50.4%
	50%
	50%

	72 bits (Single DCI)
	44.9%
	43.5%
	45.4%
	43.1%

	82 bits (Single DCI)
	40%
	38.8%
	41.6%
	38.3%

	96 bits (Single DCI)
	32.4%
	30.2%
	32.9%
	30%

	110 bits (Single DCI)
	26.2%
	23.6%
	26.8%
	23%

	120 bits (Single DCI)
	22.3%
	18.9%
	23%
	18.2%


[bookmark: _Ref53765984]
Table 3: Average CCE saving ratio for combination 3 
	DCI size
 without CRC
	Average CCE saving ratio 

	
	Baseline [image: ]
Single DCI
   [image: ]                 
	Baseline
[image: ]
Single DCI
[image: ]

	60 bits (Baseline)
	-
	-

	60 bits (Single DCI)
	43%
	33%

	72 bits (Single DCI)
	39.6%
	29.9%

	82 bits (Single DCI)
	37.1%
	27%

	96 bits (Single DCI)
	29.7%
	18.4%

	110 bits (Single DCI)
	26.8%
	15.1%

	120 bits (Single DCI)
	24.8%
	12.8%



Observation 1: For 700MHz + 800MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 23%~50% average CCE saving ratio.
Observation 2: For 800MHz + 1800MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 18.2%~50.4% average CCE saving ratio.
Observation 3: For 1800MHz + 3500MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 12.8%~43% average CCE saving ratio.
PDCCH blocking probability 
PDCCH blocking probability is one important metric to evaluate the scheduling flexibility. It can be observed that the PDCCH overhead of single DCI is less than two legacy DCIs in the section 2.2.2. For a given PDCCH resource, multi-carrier scheduling using single DCI will enable more scheduled UEs and lower PDCCH blocking probability. To verify this conclusion, the impact of DCI size on PDCCH blocking probability is evaluated. Take Rel-15 DCI format 1_1 as baseline, the baseline DCI size is assumed to be 60bits (excluding CRC), and other candidate single DCI size of 72, 82, 96, 110 and 120 bits are assumed. 700MHz carrier is chosen for evaluation as one typical case in practical deployment for DSS.
In the evaluation, CDF of UE geometry achieved from system level simulation and required SNR @1% BLER achieved from PDCCH link level simulation for various DCI size are needed. It is assumed that each PDSCH is scheduled with one DCI and all UEs with full-buffer traffic are scheduled simultaneously. Then PDCCH blocking probability can be modeled as a function of DCI number, DCI size, number of UEs, PDCCH resource. For each scheduling, the DCI number is assumed to be 2 for legacy case and 1 for single DCI joint scheduling case. The number of UEs is considered from 1 to 20. PDCCH resource are determined by CORESET duration and bandwidth, i.e. 3 symbols@15 kHz with 96 PRB is assumed in this evaluation. The PDCCH blocking probability and CDF of UE geometry for the urban macro scenario are provided as shown in Figure 3.
It can be observed that a single DCI scheduling two cells can reduce the PDCCH blocking probability obviously, and the smaller DCI size, the lower PDCCH blocking probability.
	[image: ]
	[image: ]

	[bookmark: _Ref53766110]Figure 3 PDCCH blocking probability and CDF of UE geometry


Observation 4: Single DCI scheduling PDSCH(s) on two cells can reduce the PDCCH blocking probability obviously.
Spectrum efficiency 
In current specification, the unused control resource for UE can be used for PDSCH scheduling, then the reduction of PDCCH overhead can enable larger throughput for the network. To verify the performance of scheme 1 and scheme 2, system level simulation evaluation for spectrum efficiency is provided. Two scenarios are considered for the evaluation, where one scenario is the two carriers scheduled with a single DCI are both NR carriers, as a general case for CA, and another scenario is the typical case of one NR carrier and one DSS carrier. For the DSS carrier, LTE PDCCH and CRS overhead should be considered, e.g. one PDCCH symbol and 4 port CRS are assumed for LTE as shown in the Figure 4. 
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	[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Ref53766125] Figure 4 Scenarios for spectral efficiency (SE) evaluation


[bookmark: OLE_LINK24]Actual DCI scheduling and CCE consumption are modeled in the system level simulation, and the aggregation level for each scheduling DCI changes dynamically according to the SNR. For each DCI size, the mapping of UE SNR and corresponding aggregation level to target 1% BLER can be achieved by link level simulation. The number of scheduled UEs per slot is determined by total control resource and scheduling algorithm. 700MHz and 800MHz carrier are chosen for evaluation as one typical case in practical deployment. The detailed simulation assumptions for the link level simulation and system level simulation can be found in the Appendix A.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]SLS results are provided as shown in Figure 5, from which it can be observed that the scheduling PDSCH(s) on multiple cells using in single DCI can achieve impressive gains for both scenarios and schemes. For scheme 1 and scheme 2, the gain is achieved thanks to the PDCCH resource reduced, while additional frequency domain diversity gain can be achieved for scheme 2. The performance gain is increased with the number of UEs as more DCI is scheduled.
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	[bookmark: _Ref53766136][bookmark: OLE_LINK46][bookmark: OLE_LINK47]Figure 5 SLS results for SE evaluation


Observation 5: For two carriers of 10MHz @ 700MHz&800MHz frequency with or without DSS, when the traffic load is high, one PDCCH scheduling PDSCH(s) on two carriers can achieve 7.2% to 15% throughput gain. 
Coverage 
As analyzed above, the size of DCI used for scheduling multiple cells is critical in terms of system and link level performance. When DCI size is increased to ensure the scheduling flexibility for each PDSCH for scheme 1, the PDCCH may need more than 16 CCEs and may have impact on the target BLER of PDCCH for the same AL. To verify the impact of DCI size on PDCCH coverage under the assumption that maximum AL is not changed. A SNR threshold curve for some candidate DCI sizes though link level simulation is provided as shown in the Figure 6. The corresponding simulation assumptions can be found in the Appendix A. 
It can be observed that compared with average Rel-15 DCI format1_1 size (60bits excluding CRC), @target 1% BLER for AL 16, 0.99dB loss is introduced for additional 25bits, and at most 2.17dB loss is introduced for additional 60bits. It is noted that the possible DCI size in current specification from Rel-16 has been increased for accommodating some new UE features, e.g. the average size of DCI format 0_1 supporting multiple PUSCHs in one cell is roughly 82bits for which the coverage is similar to the DCI size assumption for scheme 1. It should also be noted that most of the DCI fields would be configurable depending on network configurations, thus the DCI scheduling PDSCH over two cells could have similar or even better coverage than traditional CA, thus coverage is not a concern. 
[image: ]
[bookmark: _Ref47726260]Figure 6 PDCCH coverage evaluation with respect to different total DCI sizes
Observation 6: PDCCH coverage is not a concern with single DCI scheduling PDSCH(s) over two cells.
Specification impact 
DCI design
To support scheduling PDSCH on multiple cells using a single DCI, detailed DCI design for scheme 1 and scheme 2 needs to be considered. For the scheme 2, i.e. scheduling one PDSCH on two cells, the legacy DCI format can be reused as baseline. If the bandwidth of two carriers is not same, the frequency domain resource allocation field can be optimized, e.g. common PRB numbering can be used for two carriers, thus a few additional bits need to be added to FDRA field. Even if the bandwidth of two carriers is same, such optimization can increase the scheduling flexibility. For the scheme 1, i.e. scheduling two PDSCHs on two cells, the DCI fields may require more discussion, e.g. the issues of which fields can be shared for the two PDSCHs, which fields should be indicated separately for two PDSCHs, and which fields can be configured to be share or not. Given both schemes can be covered for the evaluation and in general the total DCI size and some key scheduling information such as MCS matters most, the work of detailed DCI design can be left to a later stage, i.e. after the general benefits for objective 2 are commonly understood.  
From the perspective of scheduling flexibility, all the DCI fields excluding CRC may be replicated for multiple serving cells scheduling, however, from practical scenarios in typical network configurations, many DCI fields can be shared for the 2 PDSCHs on two carriers. In the following Table 4, all DCI fields of legacy DCI format 1_1 and a preliminary analysis for each DCI field are provided. Three types of DCI field can be categorized based on the usage of DCI fields in the DCI format 1_1 in general: 
· The first type of DCI fields are better to be independently indicated for 2 PDSCHs in order to make sure dynamic link adaptation, e.g., key scheduling information such as MCS, NDI and RV;
· The second type of DCI fields may be common for 2 PDSCHs in most real cases without losing flexibility obviously. Some further analysis can be found below.
· The third type of DCI fields can be either separate or common, which is up to network configuration for 2 PDSCHs which leaves sufficient scheduling flexibility, based on actual scenarios. For example for CA, depending on the multi-carriers locations/environments, some of the DCI fields can be configured to be common to two carriers.
For example for the second type, the TPC command for scheduled PUCCH, PDSCH-to-HARQ_feedback timing indicator, PUCCH resource indicator and Downlink assignment index can be common for 2 PDSCHs because of the same PUCCH cell and PUCCH resource for the HARQ-ACK of 2 PDSCHs within a PUCCH group. The identifier for DCI formats may also be common if the same DCI format for the 2 PDSCH are to be used, or this field can be removed if a new DCI format is to be defined. The frequency domain resource assignment can also be common for 2 PDSCHs, if common PRB numbering is assumed for 2 cells. For the carrier indicator, two scheduled cells can be indicated together or just indicator for the cross carrier scheduled cell. For the DMRS sequence initialization, same initialization value for one UE would not have obvious performance impact. 
Overall it is observed that the total size of DCI fields which can be common for 2 PDSCHs is possible to be at least about 22bits, which is the saved overhead from baseline. 
[bookmark: _Ref53766014]Table 4 DCI information fields
	Information
	Bits
	Common or independent

	For transport block 1:
	

	Modulation and coding scheme
	5
	Better to be independent for separate transport blocks

	New data indicator
	1
	

	Redundancy version
	2
	

	For transport block 2:
	

	Modulation and coding scheme
	5
	

	New data indicator
	1
	

	Redundancy version
	2
	

	HARQ process number
	4
	Can be fully up to network flexible configuration

	Bandwidth part indicator
	0,1,2 
	

	Rate matching indicator
	0,1,2
	

	ZP CSI-RS trigger
	0,1,2
	

	SRS request
	2,3
	

	Antenna port(s)
	4,5,6
	

	CBG transmission information (CBGTI)
	0,2,4,8
	

	CBG flushing out information (CBGFI)
	0 ,1
	

	Time domain resource assignment
	0,1,2,3,4  
	

	VRB-to-PRB mapping
	0,1
	

	PRB bundling size indicator
	0,1
	

	Transmission configuration indication
	0,3
	

	Frequency domain resource assignment (104 RB for 20MHz)
	13
	Could be common considering typical configuration in practical deployments and its usage
	Common PRB numbering can be assumed

	TPC command for scheduled PUCCH
	2
	
	Same PUCCH for cells within PUCCH group

	Downlink assignment index 
	0,2,4
	
	Same value for T-DAI, continuous C-DAI value for 2 PDSCH

	PDSCH-to-HARQ_feedback timing indicator
	0,1,2,3
	
	Same latency requirement, same PUCCH for cells within PUCCH group

	PUCCH resource indicator
	3
	
	Same PUCCH for cells within PUCCH group

	Carrier indicator
	3
	
	Common understanding for 2 PDSCH

	Identifier for DCI formats
	1
	
	Same DCI format or removed

	DMRS sequence initialization
	1
	
	Same initialization value for one UE has no obvious impact

	CRC
	24
	
	One CRC is enough



Observation 7: For the DCI scheduling multi-carrier scheduling, some DCI fields can be predefined to be independent for separate PDSCHs, some fields can be predefined to be common for 2 PDSCHs, and the other fields can be configurable to be independent or common based on network decisions.
Observation 8: It is possible to reduce the DCI payload around 18% when using single DCI joint scheduling two carriers instead of two separate DCIs, still with significant performance improvement without losing network scheduling flexibility.
DCI budget and BD/CCE
To support the PDCCH of P(S)Cell/SCell scheduling PDSCH on multiple cells using a single DCI, depending on the scheme and detailed design, a new DCI size may need to be introduced. And it’s noted that the total PDCCH blind decoding budget should not be changed as a result of this work in WID, thus the impact on DCI budget of new DCI size should be analyzed.
The key issue to be discussed is whether the UE needs to simultaneously monitor the current DCI used for PDSCH scheduling and single DCI used for scheduling PDSCH on multiple cells, i.e. enabling dynamic switching between the current mechanism and single DCI mechanism. The current DCI includes functions for both cross carrier scheduling DCI and self-scheduling DCI. If configured, there seems no motivation for a UE to additionally monitor two DCI sizes simultaneously used for PDSCH scheduling with self-carrier scheduling or one for self-scheduling plus one for cross-carrier scheduling. In this sense, semi-static switching between current mechanism and single DCI mechanism by RRC configuration is enough. Consequently, no impact on the current PDCCH blind decoding budget if a new DCI size is introduced for DSS scheduling. For the BD and CCE, the mechanism of cross-carrier scheduling could be reused.
Observation 9: Scheduling PDSCH(s) on multiple cells with a single PDCCH can be specified without impact on the current PDCCH blind decoding budget. 
Other benefits
In this section, some other benefits, potential and considerations for objective 2 are discussed.
Benefits on power saving
In addition to control overhead reduction, a single DCI scheduling PDSCH(s) over multiple cells can save UE’s power consumption thanks to the reduction of PDCCH candidate detection. For example, according to the agreements in the RAN1#95 [2], the power scaling of PDCCH candidate reduction (for same slot scheduling only) is P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt, where α is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0) and Pt is the PDCCH-only power for same slot scheduling. Assuming all slots are PDCCH-only, a single DCI scheduling PDSCH over two cells can save up to 15% power consumption comparing with two PDCCH scheduling since the PDCCH candidates for UE is halved. According to the TR38.840, the UE power consumption scaling for PDSCH-only slot is assumed to 280, the UE power consumption scaling for PDCCH+PDSCH is assumed to 300. Thus, in the case that all the slots are PDSCH-only, the UE can achieve up to 6.67% power consumption comparing with PDCCH+PDSCH on the SCell. The corresponding power consumption can be modeled based on the ratio of PDCCH-only slot and PDSCH-only slot, and the proposed schemes would provide power saving effect in between these two cases.
Observation 10: A single PDCCH scheduling PDSCH over two cells can save up to 6.67%~15% power consumption comparing with two separate PDCCHs for scheduling.
Potential with others existing features 
The discussion above assumes one specific deployment scenarios with limited NR features. The proposed schemes can be applied to more cases and even better gain may be demonstrated. For example, larger PDCCH overhead will be needed in Multi-TRP operation which is introduced in Rel-16, where a UE need at least four unicast DCIs within a slot; and if mini-slot based scheduling is implemented, the number of DCIs are increased with the number of span configured within a slot. 
Potential for more than 2 carriers
The number of cells can be scheduled at once is limited to 2 as restricted in the WID, mainly due to the expectation of simplifying the discussion/study. However, usually, many operators own multiple inter-band spectrum blocks are adjacent in frequency domain, e.g. 700/800/900 MHz, one or two DSS carriers can be assumed. The number of cells can be scheduled at once can extend to 3 to cover more scenarios and achieve more gain on PDCCH enhancements. Some initial evaluation assumptions and results are also provided in Appendix B in order to provide more insights on the benefits for some practical deployment scenarios. 
Potential for UL scheduling
The current scope of Rel-17 DSS for objective 2 limit the enhancement on DL, unlikely due to technical concern. It is technically fine to consider DL only, while in real network it would be more natural to consider an unified operation can be configured to both DL and UL. Also, when UL enhancement is implemented with a similar scheme, the overall performance and applicable scenarios, e.g. UL dominated, can be increased as well.
Observation 11: Using single DCI scheduling multi-carriers has large potential to be deployed with other NR features, deployment scenarios and services.

Conclusion 
According to the above discussions, we have the following observations:
Observation 1: For 700MHz + 800MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 23%~50% average CCE saving ratio.
Observation 2: For 800MHz + 1800MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 18.2%~50.4% average CCE saving ratio.
Observation 3: For 1800MHz + 3500MHz scenario, one PDCCH scheduling PDSCH(s) on two cells can achieve up to 12.8%~43% average CCE saving ratio.
Observation 4: Single DCI scheduling PDSCH(s) on two cells can reduce the PDCCH blocking probability obviously.
Observation 5: For two carriers of 10MHz @ 700MHz&800MHz frequency with or without DSS, when the traffic load is high, one PDCCH scheduling PDSCH(s) on two carriers can achieve 7.2% to 15% throughput gain. 
Observation 6: PDCCH coverage is not a concern with single DCI scheduling PDSCH(s) over two cells.
Observation 7: For the DCI scheduling multi-carrier scheduling, some DCI fields can be predefined to be independent for separate PDSCHs, some fields can be predefined to be common for 2 PDSCHs, and the other fields can be configurable to be independent or common based on network decisions.
Observation 8: It is possible to reduce the DCI payload around 18% when using single DCI joint scheduling two carriers instead of two separate DCIs, still with significant performance improvement without losing network scheduling flexibility.
Observation 9: Scheduling PDSCH(s) on multiple cells with a single PDCCH can be specified without impact on the current PDCCH blind decoding budget. 
Observation 10: A single PDCCH scheduling PDSCH over two cells can save up to 6.67%~15% power consumption comparing with two separate PDCCHs for scheduling.
Observation 11: Using single DCI scheduling multi-carriers has large potential to be deployed with other NR features, deployment scenarios and services.
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Table A: Link level simulation assumptions for PDCCH
	Parameters
	Assumption

	[bookmark: _Hlk52282225]Carrier frequency
	700/800/1800/3500 MHz

	SCS
	15 kHz for 700/800/1800 MHz
30 kHz for 3500 MHz

	PDCCH symbols
	3

	CORESTE RBs
	96

	Channel model
	TDL-A

	Delay spread
	30 ns

	Number of BS antennas
	4Tx

	Number of UE antennas
	[bookmark: OLE_LINK5]2Rx for 700/800/1800 MHz
4Rx for 3500 MHz

	BLER of PDCCH
	1%

	CCE-to-REG mapping
	interleaved

	Interleaver size
	2

	REG bundle size
	6

	Modulation
	QPSK

	Channel coding
	Polar code

	UE speed
	3km/h

	Aggregation level
	1/2/4/8/16

	Tx Diversity
	One port precoder cycling

	DCI size(excluding CRC)
	60/72/82/85/96/110/120 bits


Table B: System level simulation assumptions for geometry
	Parameters
	Values

	Carrier frequency
	700/800/1800/3500 MHz

	SCS
	15 kHz for 700/800/1800 MHz
30 kHz for 3500 MHz

	BS antenna height
	25 m

	UE height
	3(nfl – 1) + 1.5, according to 38.901

	TRP transmit power
	46 dBm for 10MHz

	Scenario
	Urban Macro

	ISD
	500m

	TRP antenna configuration
	 (M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1) for 700/800/1800 MHz
(M,N,P,Mg,Ng;Mp,Np)= (4,8,2,1,1;1,1) for 3500 MHz

	UE antenna configuration
	 (M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1) for 700/800/1800 MHz
(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1) for 3500 MHz

	Device deployment
	80% indoor, 20% outdoor 

	UE speeds of interest
	Indoor users: 3km/h

	
	Outdoor users (in-car): 30 km/h

	BS noise figure
	5 dB

	BS antenna element gain
	8 dBi

	UE noise figure
	9 dB

	Thermal noise level
	-174 dBm/Hz

	Simulation bandwidth
	10 MHz

	Macro sites
	19

	Number of UEs per cell
	10 UEs  

	Downtilt
	102°

	Min. BS - UT distance
	35m


Table C: System level simulation assumptions for 2 carrier’s spectrum efficiency
	Parameters
	Assumption

	Carrier frequency and bandwidth
	700MHz band: 10M
800MHz band: 10M

	SCS
	15kHz

	Inter-site distance
	500m

	Antenna
	4T2R

	Channel model
	SCM-UMA-3D

	IBLER of PDSCH
	10%

	Traffic model
	Full buffer

	Scheduling algorithm
	PF

	NR UE number per cell
	15/20

	UE speed
	3km/h

	PDCCH symbols
	3

	Target BLER of PDCCH
	1% 

	DCI size (excluding CRC) and AL for baseline
	60 bits, AL={1,2,4,8,16}

	DCI size (excluding CRC) and AL for scheme 1
	110 bits, AL={2,4,8,16}

	DCI size (excluding CRC) and AL for scheme 2
	60 bits, AL={1,2,4,8,16}



[bookmark: _Ref47727039]Appendix B
If the PDSCH(s) is scheduled over 3 carriers using a single DCI, scheme 1 and scheme 2 mentioned above are also suitable as shown in Figure 7. For the DCI size of scheme 1, same additional bits are assumed for two additional PDSCH, i.e., 160bits. For SE evaluation, carrier combination including 3 NR-only carrier’s combination and 1 NR-only+2 DSS carrier’s combination is evaluated. The detailed simulation assumptions can be found in Appendix C. 
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	Scheme 1
	Scheme 2

	[bookmark: _Ref53766174]Figure 7 Candidate schemes for 3 carriers


SLS results are provided as shown in Figure 8, from which it can be observed that the scheduling PDSCH on 3 cells using a single DCI can achieve more impressive gains for both scenarios and schemes compared with the case that scheduling PDSCH on 2 cells using a single DCI.
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	[bookmark: _Ref53766184]Figure 8 SLS results for SE evaluation


[bookmark: _Ref47727054]Appendix C
Table D: Simulation assumptions for 3 carrier’s spectrum efficiency
	Parameters
	Assumption

	Carrier frequency and bandwidth
	700MHz band: 10M
800MHz band: 10M
900MHz band: 10M

	SCS
	15kHz

	Inter-site distance
	500m

	Antenna
	4T2R

	Channel model
	SCM-UMA-3D

	IBLER of PDSCH
	10%

	Traffic model
	Full buffer

	Scheduling algorithm
	PF

	NR UE number per cell
	15/20

	UE speed
	3km/h

	PDCCH symbols
	3

	Target BLER of PDCCH
	1% 

	DCI size (excluding CRC) and AL for baseline
	60 bits, AL={1,2,4,8,16}

	DCI size (excluding CRC) and AL for scheme 1
	160 bits, AL={2,4,8,16}

	DCI size (excluding CRC) and AL for scheme 2
	60 bits, AL={1,2,4,8,16}


Appendix D
[bookmark: OLE_LINK30]Table E Required SNR for 1% BLER, distribution of AL and average CCE for 700MHz
	DCI size
 (without CRC)
	AL1
	AL2
	AL4
	AL8
	AL16
	Average CCE

	
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	

	60 bits
	 12.83
	 0.22
	4.14
	  0.33
	0.19
	0.24
	-3.74
	0.19
	-6.88
	[bookmark: OLE_LINK33]0.02
	3.66

	72 bits
	 14.27
	0.18
	5.09
	0.32
	0.56
	0.26
	-3.22
	0.2
	-6.43
	0.03
	4

	82 bits
	 16.41  
	0.14
	6.06
	0.32
	1.11
	0.27
	-2.88
	0.23
	-5.97
	0.04
	4.35

	96 bits
	-
	-
	7.05
	0.42
	1.8
	0.27
	-2.36
	0.25
	-5.57
	0.06
	4.91

	110 bits
	-
	-
	8.04
	0.37
	2.39
	0.28
	-1.78
	0.26
	-5.09
	0.09
	5.36

	120 bits
	-
	-
	8.77
	0.34
	2.86
	0.28
	-1.51
	0.27
	-4.71
	[bookmark: OLE_LINK32]0.1
	5.64


Table F Required SNR for 1% BLER, distribution of AL and average CCE for 800MHz
	DCI size
 (without CRC)
	AL1
	AL2
	AL4
	AL8
	AL16
	Average CCE

	
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	

	60 bits
	12.39
	0.23
	4.11
	0.32
	-0.05
	0.25
	-3.79
	0.17
	-6.52
	0.02
	3.58

	72 bits
	14.23
	0.18
	5.24
	0.31
	0.65
	0.26
	-3.14
	0.21
	-5.93
	0.04
	4.07

	82 bits
	15.96
	0.15
	5.92
	0.31
	1.11
	0.27
	-2.77
	0.22
	-5.63
	0.05
	4.37

	96 bits
	-
	-
	6.78
	0.43
	1.79
	0.26
	-2.28
	0.24
	-5.06
	0.07
	4.91

	110 bits
	-
	-
	7.79
	0.38
	2.37
	0.27
	-1.79
	0.26
	-4.67
	0.09
	5.32

	120 bits
	-
	-
	8.59
	0.35
	2.76
	0.28
	-1.48
	0.26
	-4.34
	0.11
	5.62


Table G Required SNR for 1% BLER, distribution of AL and average CCE for 1800MHz
	DCI size
 (without CRC)
	AL1
	AL2
	AL4
	AL8
	AL16
	Average CCE

	
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	

	60 bits
	11.88
	0.24
	3.58
	0.34
	-0.20
	0.24
	-3.43
	0.16
	-6.40
	0.03
	3.6

	72 bits
	 13.35  
	  0.20  
	4.78  
	0.31  
	0.41 
	0.26  
	-2.80
	0.18
	-5.80
	0.05
	4.1

	82 bits
	 15.17  
	  0.16  
	5.42  
	0.32  
	0.76 
	0.27  
	-2.36 
	0.18 
	-5.54
	0.07
	4.44

	96 bits
	-
	-
	6.63  
	  0.43  
	1.65 
	0.27  
	-1.95 
	0.22
	-5.09
	0.09
	5.07

	110 bits
	-
	-
	7.92  
	  0.37  
	2.15 
	0.29  
	-1.34 
	0.22
	-4.58
	0.12
	5.55

	120 bits
	-
	-
	8.43 
	  0.35  
	2.59 
	0.29  
	-0.93
	0.22
	-4.25
	0.14
	5.89


Table H Required SNR for 1% BLER, distribution of AL and average CCE for 3500MHz
	DCI size
 (without CRC)
	AL1
	AL2
	AL4
	AL8
	AL16
	Average CCE

	
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	Req. SNR
[dB]
	Ratio
	

	60 bits
	  5.62  
	  0.46  
	1.02 
	0.26  
	-2.90 
	0.22  
	-6.21
	0.06  
	-9.55
	0.01
	2..43

	72 bits
	  7.03  
	  0.40  
	1.77 
	0.27  
	-2.34
	0.24  
	-5.78 
	0.08  
	-9.04
	0.01
	2.68

	82 bits
	  8.86  
	  0.33  
	2.20  
	0.32  
	-1.95
	0.25 
	-5.40
	0.09  
	-8.71
	0.01
	2.89

	96 bits
	-
	-
	  3.15 
	  0.59  
	-1.24
	0.27  
	-4.88
	0.13  
	-8.25
	0.02
	3.52

	110 bits
	-
	-
	  3.97 
	  0.54  
	-0.80
	0.29  
	-4.43
	0.14  
	-7.80
	0.02
	3.76

	120 bits
	-
	-
	  4.32 
	  0.52  
	-0.49 
	0.29  
	-4.11 
	0.16  
	-7.59
	0.03
	3.93
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	Figure 9 CDF of UE geometry for 700/800/1800/3500 MHz
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