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[bookmark: _Ref7476982]Introduction 
At RAN plenary meeting #86, a work item (WI) for the enhancement of dynamic spectrum sharing (DSS) was agreed [1], the following objective was identified. 

· 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 last RAN1 meetings, the following agreements were made, 
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

Agreements:
Further study multi-cell PDSCH scheduling via a single DCI with below simulation assumptions:
                                     Table 1: Link level simulation assumptions
	Parameters
	Values

	Carrier frequency
	Option 1: 
Inter-band CA (700MHz + 4GHz)
Intra-band CA (2GHz)
 
Option 2:
Only 4GHz is considered

	SCS
	15 kHz for 700MHz/2GHz
30 kHz for 4GHz

	Bandwidth 
	Option 1:
Baseline: PCell 10MHz + SCell 10/40MHz
Optional: PCell 20MHz + SCell 20/40/100MHz
 
Option 2:
Baseline: Scheduling cell 100 MHz
Optional: Scheduling cell 20 MHz

	Channel model
	TDL-C

	Delay spread
	300 ns

	Number of symbols for CORESET
	[1], 2 or 3

	CORESET BW (contiguous PRB allocation)
	24/48/96 RBs depending on the bandwidth 

	CCE-to-REG mapping
	Interleaved, [non-interleaved]

	REG bundle size
	6

	Interleaver size
	2

	DCI payload size (excluding CRC)
	Single PDSCH scheduling: 60 bits as baseline payload size
Multi-cell PDSCH scheduling: 72/84/96/104 bits

	BLER target for multi-cell scheduling DCI
	Option 1: 1%
Option 2: 0.5%

	Number of BS antennas
	2 Tx for 700MHz/2GHz carrier frequency 
4 Tx for 4GHz

	Number of UE antennas
	2 Rx for 700MHz/2GHz carrier frequency
4 Rx for 4GHz carrier frequency

	Modulation
	QPSK

	Channel coding
	Polar code

	UE speed
	3km/h

	Aggregation level
	1/2/4/8/16

	Tx Diversity
	One port precoder cycling


Note 1: For two-cell scheduling via a single DCI, PDCCH transmitted on SCell schedules one PDSCH on the SCell and another PDSCH on PCell.
Note 2: For comparison, for single-cell scheduling, one PDCCH transmitted on SCell schedules one PDSCH on the SCell via self-scheduling and another PDCCH transmitted on the SCell schedules another PDSCH on PCell via cross-carrier scheduling.
Further discussion which rows are applicable to the scheduling cell/the scheduled cell for PDCCH

Agreements:
Further study with below simulation assumptions:

Simulation scenarios:
· For two-cell scheduling via a single DCI, PDCCH transmitted on a first cell schedules one PDSCH on the first cell and another PDSCH on a second cell.
· For single-cell scheduling (baseline), one PDCCH transmitted on a first cell schedules one PDSCH on the first cell via self-scheduling and another PDCCH transmitted on the first cell schedules another PDSCH on a second cell via cross-carrier scheduling.
· Companies can optionally compare to the case of PDCCH transmitted on each of the two cells via self-scheduling. In this case, company should provide details on how to calculate the PDCCH blocking rate.

Simulation assumptions on carrier frequency, SCS, antenna configuration, carrier bandwidth as well as CORESET configuration
· Combination 1: 2 GHz, 15 kHz SCS, 2 Tx, 2 Rx, 20 MHz carrier BW, 2-symbol CORESET with 96RBs
· Combination 2: 4 GHz, 30 kHz SCS, 4 Tx, 4 Rx, 100 MHz carrier BW, 1-symbol CORESET with 270RBs
· [Combination 3: 700MHz, 15 kHz SCS, 2 Tx, 2 Rx, 10 MHz carrier BW, 3-symbol CORESET with 48RBs]
· [Combination 4: 4GHz, 30 kHz SCS, 4 Tx, 4 Rx, 40 MHz carrier BW, 2-symbol CORESET with 96RBs]

Payload size of two-cell scheduling DCI (excluding CRC):
· 60 for single-cell scheduling DCI (baseline).
· 72/84/96/108 for two-cell scheduling DCI.
· Companies are encouraged to report how the values are obtained, e.g., via separate or shared fields in DCI format. 

Target BLER for two-cell scheduling DCI: 1% (baseline), 0.5%(optional)

Regarding the CCE-to-REG mapping, based on the agreed interleaved CCE-to-REG mapping, whether to adopt non-interleaved CCE-to-REG mapping is up to the proponent.

Agreements:
· Further study with below simulation assumptions:

                     Table 2: System level simulation assumptions 
	Parameters
	Values

	Carrier frequency
	For scheduling cell, follow agreed link level simulation assumptions 
For scheduled cell, consider 700MHz/2GHz with 10/20MHz BW (LTE overhead on DSS carrier can be optionally provided, up to proponent)

	SCS
	

	Simulation bandwidth 
	

	BS antenna height
	25 m

	UE height
	1.5m 

	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 700MHz
(M,N,P,Mg,Ng;Mp,Np)= (2,8,2,1,1;1,1) for 2GHz
(M,N,P,Mg,Ng;Mp,Np)= (8,4,2,1,1;1,1) for 4GHz

	UE antenna configuration
	(M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1) for 700MHz/2GHz
(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1) for 4GHz

	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

	Traffic
	Full Buffer(baseline), FTP model 1 or 3 up to company

	Macro sites
	19

	Number of UEs per cell
	10/15/20 UEs  

	Downtilt
	102°

	Minimum BS to UE distance
	35m



According to the WID, the second objective, i.e. 2-cell scheduling by a single DCI needs to be studies first. Therefore, in this contribution, we provide our investigations on 2-cell scheduling by a single DCI based on the evaluation assumptions agreed in last meeting. 
[bookmark: _GoBack]Discussions 
In a carrier aggregation scenario, it is generally preferred to configure PCell on a cell in low frequency, which is helpful to improve UL transmission coverage/performance. On the other hand, the low frequency is likely being used by an LTE cell too. Therefore, DSS was introduced in Rel-15 and Rel-16 for the better co-existence between LTE and NR on same frequency. In detail, in a shared carrier of LTE and NR, the NR transmission needs to avoid the REs of LTE CRS and LTE PDCCH. Such DSS operation for NR results in capacity limitation on NR PDCCH transmissions especially for the case when number of NR devices on PCell increases. 

The first objective [1], i.e. PDCCH of SCell scheduling PDSCH or PUSCH on P(S)Cell is one way to mitigate the impact on NR PDCCH on PCell. By this way, the PDCCHs scheduling PCell transmission can be offloaded to a scheduling SCell, which completely avoid the dependence between NR PDCCH and LTE transmissions. The SCell is typically a NR-only cell. More T/F resources on the SCell can be allocated to PDCCH transmission. However, there is still a concern that the capacity on PDCCH may become a problem since more PDCCHs cumulate to the SCell. 2-cell scheduling by a single DCI is then proposed to mitigate PDCCH capacity issue on the SCell. The overhead reduction by 2-cell scheduling by a single DCI is a compromise to the scheduling performance for the two cells. Further, it is also argued that, 2-cell scheduling if introduced, may not be limited to the DSS use case. 

NR already support multi-TTI scheduling with multiple TBs on uplink. Within one cell, the adjacent slots are normally corelated which is basis for overhead saving. However, such correlation doesn’t exist in 2-cell scheduling, since the channel conditions on the two cells, even for intra-band case, can be quite different. Therefore, the same scheme handling a field in existing multiple-TTI scheduling may not be applicable to multi-cell scheduling. For the full flexibility of gNB scheduling, all fields of a DCI single-cell scheduling need to be duplicated. In this case, the overhead saving is just the bits of one CRC field, i.e. 24 bis, comparing one DCI for 2-cell scheduling and two DCIs of separated single-cell scheduling. It is possible that some fields in the DCI format can apply to both cells without much impact on the scheduling. On the other hand, overhead reduction of other fields must sacrifice the transmission performance. 

In the DSS scenario, PCell and the Scell are likely to be on the different frequency band. Specifically, PCell is on low frequency which co-exists with an LTE cell. On the other hand, the SCell is on a high frequency and is NR-only. Due to the large distance on frequency, channel conditions for PCell and the SCell are independent. Consequently, the proper PRB allocation, transmission schemes and link adaptation are all independent on the two cells in a time. That is, FDRA, MCS/NDI/RV and Antenna ports/TCI need to be duplicated for the two cells. Note: the fields of FDRA, MCS/NDI/RV and Antenna ports/TCI contribute a large percentage of a DCI format. Further, TDRA may be normally different on the two cells. The reason is that there is a limitation on TDRA for cell coexisted with LTE, while there is no such limitation for NR-only cell. The PCell and the SCell may use different subcarrier spacing, which may result in different TDRA too.

Observation 1: To support 2-cell scheduling by a single DCI, at least the following bit fields are likely to be duplicated: FDRA, MCS/NDI/RV and Antenna ports/TCI. TDRA field may be duplicated too.

The size of a joint DCI for 2-cell scheduling can be less than the total size of 2 separate DCIs for single-cell scheduling. However, it is not that straightforward a size reduction turns into PDCCH resource saving. On the other hand, ratio of PDCCH blocking is another important factor for the PDCCH design. Therefore, we evaluate the PDCCH resource saving and ratio of blocking based on the required SINR values and the geometry curves. Based on the agreed assumptions from last RAN1 meeting, the geometry curves are provided in ANNEX A, while the required SINR values for the different DCI sizes with different PDCCH aggregation levels are provided in ANNEX B. 


Based on the required SINR values and geometry curves, the AL distribution of a DCI size can be derived. Finally, the average number of CCEs for the DCI size can be obtained. In Figure 1, we summarize the potential saving of CCEs for each DCI size for 2-cell scheduling comparing with the use of two DCIs for single-cell scheduling for frequency 700Mhz, 2GHz and 4GHz. In the analysis, to schedules transmission on two cells, that gNB transmits one DCI for 2-cell scheduling or two DCIs for single-cell scheduling (baseline). 

[bookmark: _Hlk61627202]


Figure 1: Ratio of CCE saving using DCI for 2-cell scheduling.

Further, to simulate the impacts on PDCCH blocking ratio, we consider two cases too. It is assumed all UEs are scheduled with transmissions on two cells. In the baseline case, two DCI formats for single-cell scheduling are allocated to a scheduled UE. On the other hand, in case of DCI for 2-cell scheduling, a single DCI is allocated to the UE for the two cells. It is assumed the CORESET has 16 (or 32) CCEs in total. When multiple UEs are scheduled, the AL for the multiple UEs are randomly determined based on the geometry distribution in ANNEX A. If the total number of CCEs exceeds 16 (or 32), the PDCCH of a UE is dropped randomly until the number of occupied CCEs is not beyond 16 (or 32). Each dropped PDCCH is counted as one blocking. In the baseline case, if both PDCCHs for a UE cannot be transmitted due to limitation of 16 (or 32) CCEs, it is counted as two blockings. On the other hand, if only one PDCCH can be transmitted until exceeding 16 (or 32) CCEs, which is counted as one blocking. The PDCCH blocking for the frequency 700MHz, 2GHz and 4GHz are provided in Figure 2. 
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Figure 2: PDCCH blocking ratio using DCI for 2-cell scheduling for 4GHz

Observation 2: Based on the required SINR values and geometry curves obtained by LLS and SLS
· The ratio of CCE saving is about 20~40%;
· The reduced PDCCH blocking ratio is observed. 

The standardization impacts are expected for a DCI for 2-cell scheduling. On the other hand, the allocated TU for the WI is quite limited. Therefore, it is preferred to specifiy only essential features for 2-cell scheduling. At least the following specification impacts of 2-cell scheduling by single DCI are identified. 
· The RRC signalling to configure 2-cell scheduling by single DCI
· Duplication or not needs to be checked for each DCI field separately. 
· UE complexity is increased to detect both DCI for singe-cell scheduling and DCI for 2-cell scheduling. The maximum number of monitored PDCCH candidates and non-overlapped CCEs for channel estimation need to be considered.
· HARQ-ACK feedback, i.e. Type1, Type2 and Type3 codebook needs to be revised.

Observation 3: Potential specification impacts include but not limited to
· The RRC configuration 
· Separate design for each DCI field 
· UE complexity on PDCCH detection.
· HARQ-ACK transmission.
Conclusion
In this contribution, we provide our views on 2-cell scheduling by a single DCI. we make the following observations. 
Observation 1: To support 2-cell scheduling by a single DCI, at least the following bit fields are likely to be duplicated: FDRA, MCS/NDI/RV and Antenna ports/TCI. TDRA field may be duplicated too.

Observation 2: Based on the required SINR values and geometry curves obtained by LLS and SLS
· The ratio of CCE saving is about 20~40%;
· The reduced PDCCH blocking ratio is observed. 

Observation 3: Potential specification impacts include but not limited to
· The RRC configuration 
· Separate design for each DCI field 
· UE complexity on PDCCH detection.
· HARQ-ACK transmission.
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ANNEX A: Geometry curves
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Figure A1: SINR CDF for UMi channel model 

ANNEX B: The required SINR for the different DCI sizes and ALs

Table B1: Required SINR for 1% BLER, 4GHz
	 
	Required SINR (dB)

	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	60 bits
	-9.3
	-7.16
	-4.78
	-1.51
	4.18

	72 bits
	-8.84
	-6.72
	-4.29
	-0.75
	6

	84 bits
	-8.5
	-6.36
	-3.83
	0
	9.65

	96 bits
	-8.17
	-6.03
	-3.34
	0.72
	-

	104 bits
	-8
	-5.8
	-3.13
	1
	-



Table B2: Required SINR for 1% BLER, 2GHz
	 
	Required SINR (dB)

	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	60 bits
	-5.93
	-3.8
	-1.04
	2.6
	10.5

	72 bits
	-5.56
	-3.33
	-0.38
	3.59
	13.1

	84 bits
	-5.21
	-2.8
	-0.1
	4.53
	17

	96 bits
	-4.8
	-2.57
	0.56
	5.4
	-

	104 bits
	-4.6
	-2.16
	0.81
	5.85
	-



Table B3: Required SINR for 1% BLER, 700MHz
	 
	Required SINR (dB)

	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	60 bits
	-5.97
	-3.94
	-1.12
	2.67
	10.5

	72 bits
	-5.66
	-3.26
	-0.42
	3.63
	12.9

	84 bits
	-5.23
	-2.88
	0.4
	4.48
	17.7

	96 bits
	-4.86
	-2.44
	0.5
	5.43
	-

	104 bits
	-4.7
	-2.16
	0.98
	5.83
	-




Ratio of CCE saving, 700MHz

60 bits	72 bits	84 bits	96 bits	104bits	0.5	0.42	0.3478	0.30769999999999997	0.26419999999999999	


Ratio of CCE saving, 2GHz

60 bits	72 bits	84 bits	96 bits	104bits	0.5	0.43430000000000002	0.38169999999999998	0.33839999999999998	0.3009	


Ratio of CCE saving, 4GHz

60 bits	72 bits	84 bits	96 bits	104bits	0.5	0.45400000000000001	0.39829999999999999	0.33700000000000002	0.31719999999999998	
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