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1. Background
Following agreements have been achieved at the RAN1#102-e meeting [1].
	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, we share our views on multi-cell PDSCH scheduling via a single DCI.

2. DCI contents for multi-cell PDSCH scheduling via a single DCI

In order to see the gain of multi-cell PDSCH scheduling, it is necessary to have at least a rough understanding of the DCI design for multi-cell PDSCH scheduling via a single DCI. 

RAN1 agreed that the baseline scenario is inter-band CA with the PCell being operated as a DSS carrier. The SCell is either a non-DSS carrier or a DSS carrier using the same or different SCS. In this type of scenarios, typically channel characteristics between the carriers are not correlated, and radio parameters such as duplex modes, bandwidths, MIMO configurations, etc, should be set differently/independently between the PCell and the SCell. For this case, it is necessary to keep independent DCI fields for different cells and hence is not easy to design a DCI for multi-cell PDSCH scheduling (multi-cell DCI) such that its overhead is significantly smaller than the use of two independent DCI for single-cell PDSCH scheduling (single-cell DCI).

If intra-band CA with multiple serving cells having the same SCS (all cells operated on non-DSS carriers) is targeted, since the SCS, duplex mode, and MIMO configuration would be the same across carriers and the channel characteristics are correlated, the DCI can be designed such that some or many DCI fields are shared between the two scheduled cells.

Table 1 shows a rough and possible design of a multi-cell DCI for the two cases. The conditions/assumptions are as follows:
· Focus on the case where many of optional fields are not present in the DCI for simplicity
· Single-cell DCI for a PDSCH (as a reference)
· The cell is assumed to be a TDD carrier with BW of 100MHz with SCS 30kHz
· One TB per PDSCH is assumed
· Multi-cell DCI for PDSCHs on two scheduled cells
· Case 1: inter-band CA for a DSS-carrier (20MHz with SCS 15kHz) and a non-DSS-carrier (100MHz with SCS 30kHz)
· The DCI fields related to HARQ-ACK feedback are assumed to be shared fields
· One 24-bit CRC
· Case 2: intra-band CA for non-DSS-carriers (100MHz with SCS 30kHz for each)
· FDRA field is assumed to have smaller bitwidth, e.g., by adopting coarser RBG size
· Joint indication for two carriers is assumed for TDRA, ZP-CSI-RS, Antenna port(s), and SRS request
· The DCI fields related to HARQ-ACK feedback are assumed to be shared fields
· One 24-bit CRC
· For both cases, one TB per PDSCH per cell is assumed

Table 1	Rough designs of a DCI format for multi-cell PDSCH scheduling for two scenarios.
	
	Single-cell scheduling
	Multi-cell scheduling

	
	
	Case 1
	Case 2

	DCI format indicator
	1
	1
	1

	FDRA
	18
	14+18
	9+9

	TDRA
	4
	4+4
	4

	ZP-CSI-RS
	2
	2+2
	2

	MCS
	5
	5+5
	5+5

	NDI
	1
	1+1
	1+1

	RV
	2
	2+2
	2+2

	HARQ process
	4
	4+4
	4+4

	DAI
	4
	4
	4

	TPC for PUCCH
	2
	2
	2

	PUCCH resource
	3
	3
	3

	PDSCH-to-HARQ
	3
	3
	3

	Antenna port(s)
	6
	4+6
	6

	SRS request
	2
	2+2
	2

	CRC
	24
	24
	24

	Total
	57 (+ 24-bit CRC)
	95 (+ 24-bit CRC)
	71 (+ 24-bit CRC)

	OH saving (%) 
	-
	23.2%
	41.3%




As seen above, the overhead saving by the multi-cell DCI than the use of two respective single-cell DCIs is around 23% for case 1 and 41% for case 2. The saving for case 1 mainly comes from the omission of 24-bit CRC.

Observation 1: The overhead saving gain from multi-cell PDSCH scheduling compared to single-cell PDSCH scheduling in inter-band CA for DSS scenario mainly comes from the omission of 24-bit CRC. In intra-band CA scenario, higher gain would be achievable by compressing some DCI fields.


3. PDCCH blocking probability analysis

PDCCH blocking probability is statistically evaluated in this section. Simulation assumptions are summarized in Appendix A. In general, the assumptions follow the RAN1#103-e agreements. We focus on the case where PDCCH is transmitted on the 4GHz carrier.

Figure 1 shows PDCCH blocking probabilities as a function of number of UEs that the PDCCHs are to be transmitted simultaneously on the same carrier. The results are obtained as follows.
· Based on the DL geometry distribution (Appendix A-1) and the required SNR for achieving PDCCH BLER = 1% (Appendix A-2), probability of selecting each AL is identified (Appendix A-3). 
· Each UE is either non-CA UE with X % probability or CA UE with (100-X) % probability.
· Three cases are plotted
· X=100 (all UEs are non-CA UEs)
· X=50 (CA UE: non-CA UE = 50:50)
· X=0 (all UEs are CA UEs)
· For CA UEs, following two are assumed
· Two single-cell DCIs are transmitted simultaneously on the carrier for each CA UE
· One multi-cell DCI is transmitted on the carrier for each CA UE
· The size of 60 bits (excluding CRC) is assumed for single-cell DCI and 96/72 bits (excluding CRC) are assumed for multi-cell DCI, where the size of 96 bits is for the case with less DCI size compression (e.g., Case 1 of Table 1) and the size of 72 bits is for the case with more DCI size compression (e.g., Case 2 of Table 1).
· Each UE monitors {4, 4, 4, 2, 1} PDCCH candidates for {AL1, AL2, AL4, AL8, AL16} per PDCCH monitoring occasion.
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(a) Multi-cell DCI has 96 bits (excluding CRC)
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(b) Multi-cell DCI has 72 bits (excluding CRC)
Fig. 1	PDCCH blocking probabilities

Figure 1 indicates that with a certain PDCCH blocking probability (e.g., 2%), the number of accommodated UEs can be increased by using multi-cell DCI. The gain highly depends on the DCI size of the multi-cell DCI. Taking the case where CA is operated for 50% UEs as an example, the multi-cell DCI with 96 bits (excluding CRC) (dotted orange curve in Fig.1 (a)) can accommodate one additional UE compared to two single-cell DCIs (dotted blue curve in Fig.1 (a)), while multi-cell DCI with 72 bits (excluding CRC) (dotted orange curve in Fig.1 (b)) can accommodate three additional UEs compared to two single-cell DCIs (dotted blue curve in Fig.1 (b)). 

In reality, not all the CA UEs can be configured with multi-cell PDSCH scheduling – depending on the UE capabilities and the other various aspects, the CA UEs are configured with either self-scheduling, cross-carrier scheduling, or multi-cell PDSCH scheduling. The gain of multi-cell PDSCH scheduling observed in the PDCCH blocking probability would depend on how much UEs being scheduled by the multi-cell DCI. Having said that, the gain observed in Fig.1 would be for the optimal cases and the practical gains would be lower.

Observation 2: The PDCCH blocking probability improvement from multi-cell PDSCH scheduling compared to single-cell PDSCH scheduling highly depends on whether the DCI size can be compressed aggressively.


4. Views on multi-cell PDSCH scheduling

Combining the discussions in Section 2 and in Section 3, it can be said that the multi-cell PDSCH scheduling is beneficial only if aggressive DCI size compression is enabled, while the DCI size compression is not appropriate for DSS scenario (i.e., inter-band CA). Although intra-band CA is an additional scenario for evaluation, it is not indeed the scope of the DSS enhancements. 

In addition, strictly speaking, the work item does not scope following aspects, which should be taken into account for designing multi-cell DCI.
· UL DCI format when multi-cell PDSCH scheduling is used/configured
· The scope of the WI is limited to multi-cell PDSCH scheduling. Therefore, for DL + UL CA, PUSCHs have to be scheduled by single-cell DCIs for the two scheduled cells even if multi-cell PDSCH scheduling is enabled.
· Even if multi-cell PUSCH scheduling is not specified, the use of multi-cell PDSCH scheduling may require DCI size alignment for UL DCI format. Aligning the size of UL DCI for single-cell PUSCH scheduling to the size of DL DCI for multi-cell PDSCH scheduling increases the PDCCH overhead unnecessarily. It may be beneficial to consider multi-cell PUSCH scheduling for such case.
· FR2 specific aspects
· FR2 is a promising scenario to consider/enable multi-cell scheduling, since there are multiple carriers in the band and the number of UEs scheduled at one time is limited due to beam-forming nature. However, FR2 is not scoped of this WI. 
· More than two scheduled cells
· For unlicensed spectrum or for FR2, there are many carriers that can be aggregated as part of intra-band CA. The benefit of multi-cell scheduling will be larger as more carriers are scheduled by it. However, the WI is limited to up to 2 carriers to be scheduled by one DCI. 

[bookmark: _GoBack]Based on the above discussions, multi-cell scheduling should be investigated for scenarios other than DSS. RAN1 should agree not to support multi-cell scheduling as part of this work item (and then leave it to the future potential work items).

Proposal: Conclude not to support multi-cell PDSCH scheduling via a single DCI as part of Rel.17 DSS work item. It can be discussed in future potential work items. 


5. Conclusion
In this contribution, multi-cell PDSCH scheduling was discussed. Following are the observation and proposals.

Observation 1: The overhead saving gain from multi-cell PDSCH scheduling compared to single-cell PDSCH scheduling in inter-band CA for DSS scenario is mainly comes from the omission of 24-bit CRC. In intra-band CA scenario, higher gain would be achievable by compressing some DCI fields.

Observation 2: The PDCCH blocking probability improvement from multi-cell PDSCH scheduling compared to single-cell PDSCH scheduling highly depends on whether the DCI size can be compressed aggressively.

Proposal: Conclude not to support multi-cell PDSCH scheduling via a single DCI as part of Rel.17 DSS work item. It can be discussed in future potential work items. 
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Annex A: simulation assumptions
A-1	DL geometry distribution

The parameters for DL geometry evaluation are summarized in Table A-1-1. The cumulative distribution function is provided in Fig.A-1-1.

Table A-1-1	Parameters for DL geometry evaluation
	Parameters
	Values

	Carrier frequency
	4GHz

	SCS
	30kHz

	Simulation bandwidth
	100MHz

	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)= (8,4,2,1,1;1,1) for 4GHz

	UE antenna configuration
	(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

	UE speeds of interest
	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

	Macro sites
	19

	Number of UEs per cell
	10/15/20 UEs  

	Downtilt
	102°

	Minimum BS to UE distance
	35m
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Fig. A-1-1	DL geometry CDF


A-2	PDCCH BLER

The parameters for PDCCH BLER evaluations are summarized in Table A-2-1. The BLER performances as a function of average received SNR are plotted in Fig.A-2-1.

Table A-2-1	Parameters for PDCCH BLER evaluation
	Parameters
	Values

	Carrier frequency
	4GHz

	SCS
	30kHz

	CORESET bandwidth
	270RBs

	CORESET duration
	1 symbol

	Channel model
	TDL-C

	Delay spread
	300ns

	CCE-to-REG mapping
	Interleaved

	REG bundle size
	6

	Interleaver size
	2

	DCI payload size
	60, 72, 84, 96, 109 bits (excluding 24-bit CRC)

	Number of BS antennas
	4

	Number of UE antennas
	4

	Modulation
	QPSK

	Channel coding
	Polar code

	UE speed
	3km/h

	Aggregation level
	1, 2, 4, 8, 16

	Tx diversity
	1-port precoder cycling
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(a) DCI size = 60 bits
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(b) DCI size = 72 bits
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(c) DCI size = 84 bits
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(d) DCI size = 96 bits
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(e) DCI size = 108 bits
Fig. A-2-1	PDCCH BLER performance


A-3	Probabilities of PDCCH AL selection

Based on the DL geometry distribution and PDCCH BLER performances, the probabilities of PDCCH AL selections are summarized below.

Table A-3-1	Required SNR for achieving BLER = 1% for each PDCCH AL
	Payload excluding CRC
	Required SNR for BLER = 1%

	
	AL=16
	AL=8
	AL=4
	AL=2
	AL=1

	60 bits
	-11.5 dB
	-9.1 dB
	-6.0 dB
	-2.2 dB
	3.5 dB

	72 bits
	-11.2 dB
	-8.4 dB
	-5.3 dB
	-1.1 dB
	4.6 dB

	84 bits
	-10.5 dB
	-8.0 dB
	-4.7 dB
	-0.2 dB
	5.9 dB

	96 bits
	-10.1 dB
	-7.4 dB
	-4.2 dB
	-0.4 dB
	7.0 dB

	108 bits
	-10.0 dB
	-7.0 dB
	-3.6 dB
	1.0 dB
	9.9 dB



Table A-3-2	Probabilities that a PDCCH AL is selected
	Payload excluding CRC
	Probability

	
	AL=16
	AL=8
	AL=4
	AL=2
	AL=1

	60 bits
	0 %
	0 %
	6 %
	24 %
	70 %

	72 bits
	0 %
	1 %
	7 %
	28 %
	65 %

	84 bits
	0 %
	2 %
	8 %
	29 %
	61 %

	96 bits
	0 %
	2 %
	13 %
	28 %
	57 %

	108 bits
	0 %
	4 %
	19 %
	35 %
	42 %
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