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Introduction
In [1], a new Rel17 WI on NR Dynamic spectrum sharing (DSS) was approved with below objectives

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 document, we discuss study on “PDCCH of P(S)Cell/SCell scheduling PDSCH on multiple cells using a single DCI” and provide some initial analysis and performance evaluations.
Discussion
High level design aspects
In current Rel-15/16 framework, a PDCCH can schedule PDSCH on only one cell using DCI formats 1-0/1-1/1-2. In case of self-carrier scheduling, the PDCCH and PDSCH are received on the same serving cell. For cross-carrier scheduling, a PDCCH is received on a scheduling cell (cell A) and the corresponding PDSCH may be received on a scheduled cell which may be same as the scheduling cell (cell A) or on another cell (cell B). 
For single DCI scheduling PDSCH on two cells, one PDCCH DCI format on the scheduling cell (e.g. cell A) has to schedule a PDSCH e.g. for the scheduling cell (cell A) and also one other PDSCH for another scheduled cell (cell B). As stated in the study objectives, the increase in DCI size should be minimized for the PDCCH DCI format with single DCI.
Below we list some aspects that need to be considered in the study
1. When single DCI is used to schedule PDSCH on two cells, whether the two scheduled cells are allowed to have different configuration for at least the following attributes:
a. Numerology used on each scheduled cell
b. Channel BW (and BWP BW) of each scheduled cell
c. MIMO configuration of each scheduled cell
d. HARQ processes/TBs/MCSs of each scheduled cell
e. FDRA/TDRA (including type) used for each scheduled cell
2. When single DCI is used to schedule PDSCH on two cells, whether the corresponding DCI format always schedules PDSCH on both cells, or whether it is also used to schedule single cell PDSCH.
3. When UE monitors the DCI format for single DCI scheduling PDSCH on two cells, whether the UE can be configured to also monitor existing DCI format(s) scheduling PDSCH on single cell (i.e. 1-0/1-1/1-2).
4. Handling DCI size budget and DCI size-matching when UE is configured to monitor the DCI format for single DCI scheduling PDSCH on two cells.   
5. Whether the DCI format supports the functionality of all the DCI fields specified for existing DCI formats or whether it supports only a limited subset of DCI fields. 
6. For each DCI field of the DCI format, whether the DCI field jointly indicates the functionality for both PDSCH or whether separate DCI fields for each PDSCH are used.

CA is a native feature of NR supported from Rel15 and it is used for aggregating carriers with a wide variety of attributes depending on the specific deployment scenario. This flexibility provided by CA should be retained even when single DCI scheduling PDSCH on two cells is used. 
Performance Evaluation

In RAN1#102-e, following agreements related to evaluation of single DCI scheduling PDSCH on two cells (in short multi-cell DCI or mc-DCI) 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

While further alignment of high-level design aspects (i.e., as discussed in section 2.1) and evaluation framework is needed to study the performance, we discuss some initial evaluations below.

The main expected benefit of mc-DCI is reduced DCI overhead. This in turn is expected to improve PDCCH efficiency (e.g. schedule users with fewer control channel resources) and consequently overall spectral efficiency. 

We first note that the NW may choose to schedule single or multiple PDSCHs per slot for UE based on several factors including data in the buffer, the channel conditions, NW loading and HARQ retransmission activity of each serving cell.

Observation 1
· For a CA scenario with e.g. two serving cells, the NW may choose to schedule any of following cases based on data in the buffer and the channel conditions, NW loading and HARQ retransmission activity of each serving cell 
1. PDSCH on cell1 only
2. PDSCH on cell 2 only
3. PDSCH on cell1 and cell2
4. No PDSCH scheduled
· Gains from 1 DCI scheduling 2 PDSCHs are only available for Case 3 above

Then to estimate the gains for Case 3 above, we evaluate the DCI blocking performance of scheduling PDSCHs using two 60bit legacy DCIs scheduling one PDSCH each vs. using a single 100bit mc-DCI scheduling two PDSCHs (i.e., assuming some common fields such as PUCCH resource indicator, TPC commands, etc. can reduce the DCI size).  Simulation assumption details are given in Annex A.
Table 1 below shows the simulated cases. 
Table 1 – Description of Cases evaluated for blocking
	
	‘legacy-32’
	‘mc-dci-32’
	‘mc-dci-24’
	‘mc-dci-16’

	DL #DCIs per UE in each slot and DCI size (without CRC)
	2*60 bits DCIs
	1*100 bit DCI
	1*100 bit DCI
	1*100 bit DCI

	#total CCEs available
	32
	32
	24
	16

	SS BDs per DCI
 [L1 L2 L4 L8 L16]
	[6 5 4 2 1]
	[0 8 4 4 2]
	[0 8 4 4 2]
	[0 8 4 4 2]



 ‘legacy-32’ case corresponds to current cross-carrier scheduling, where two cells are scheduled with separate DCIs. ‘mc-dci-32’, ‘mc-dci-24’ and ‘mc-dci-16’ cases correspond to the single DCI scheduling 2 PDSCHs under study with 32 available CCEs and 16 available CCEs respectively. For these cases, we also assume that there is a 50 % chance per UE that a DCI carrying an UL grant with 60bit DCI size is sent.
Table 2 below shows the blocking performance for the above cases. Considering for example the 8UE case, 4.1% of DCI s are blocked with legacy DCI and 32 available CCEs. With mc-DCI, equivalent blocking can be achieved when somewhere between 24 to 32 CCEs are used (around 27CCEs with rough linear approximation). 

Table 2 – Blocking performance (%DCIs blocked per slot)
	 
	1UE
	2UEs
	3UEs
	4UEs
	5UEs
	6UEs
	7UEs
	8UEs

	legacy-32
	0.1
	0.2
	0.4
	0.7
	1
	1.6
	2.6
	4.1

	mc-dci-32
	0
	0.1
	0.2
	0.2
	0.4
	0.7
	1
	1.4

	mc-dci-24
	0
	0.1
	0.3
	0.4
	1.1
	1.7
	3.2
	6.2

	mc-dci-16
	0
	0.7
	1.2
	2
	4.8
	10.6
	19.6
	28.1




Overall, results indicate that in slots where PDSCH is scheduled on both cell1 and cell2, using 60 bit legacy DCI and 32 total CCEs provides similar blocking performance as using 100bit mc-DCI and 24-27 total CCEs.

Then if reduction (from 32CCEs to 24 - 27CCEs) is scaled down by how often two-PDSCH scheduling occurs, and also the total REs available in a slot, e.g. assuming 50% of slots have the 2PDSCH scheduling and a 40MHz carrier with 106PRBs, this would be a overhead reduction of 1/8th to 1/4th of 1 symbol worth of control channel resources. Even if it is assumed that appropriate PDSCH rate matching can reclaim such savings, the overall performance benefit of using mc-DCI is not very high. Also, these marginal gains are most likely offset by performance loss due to other factors such as scheduling restrictions due to DCI overhead reduction and reduced #BDs for legacy DCIs. 

Observation 2
· Initial evaluations indicate that DCI scheduling PDSCH on two cells (mc-DCI) provides no/marginal performance gains.

Conclusions
In this document we discuss the study on “PDCCH of P(S)Cell/SCell scheduling PDSCH on multiple cells using a single DCI” and make the following observations.
Observation 1
Following design aspects for single DCI scheduling PDSCH on two cells should be considered in the study
a) When single DCI is used to schedule PDSCH on two cells, whether the two scheduled cells are allowed to have different configuration for at least the following attributes:
i. Numerology used on each scheduled cell
ii. Channel BW (and BWP BW) of each scheduled cell
iii. MIMO configuration of each scheduled cell
iv. HARQ processes/TBs/MCSs of each scheduled cell
v. FDRA/TDRA (including type) used for each scheduled cell
b) When single DCI is used to schedule PDSCH on two cells, whether the corresponding DCI format always schedules PDSCH on both cells or whether it is also used to schedule single cell PDSCH.
c) When UE monitors the DCI format for single DCI scheduling PDSCH on two cells, whether the UE can be configured to also monitor existing DCI format(s) scheduling PDSCH on single cell (i.e. 1-0/1-1/1-2).
d) Handling DCI size budget and DCI size-matching when UE is configured to monitor the DCI format for single DCI scheduling PDSCH on two cells.   
e) Whether the DCI format supports the functionality of all the DCI fields specified for existing DCI formats or whether it supports only a limited subset of DCI fields. 
f) For each DCI field of the DCI format, whether the DCI field jointly indicates the functionality for both cells or whether separate DCI fields for each cell are used to indicate the respective functionality.

Observation 2
· For a CA scenario with e.g. two serving cells, the NW may choose to schedule any of following cases based on data in the buffer, channel conditions, NW loading and HARQ retransmission activity of each serving cell 
1. PDSCH on cell1 only
2. PDSCH on cell 2 only
3. PDSCH on cell1 and cell2
4. No PDSCH scheduled
· Gains from 1 DCI scheduling 2 PDSCHs are only available for Case 3 above

Observation 3
· Initial evaluation estimates indicate that DCI scheduling PDSCH on two cells (mc-DCI) provides no/marginal performance gains.
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Annex A
Table A-1 Link level simulation assumptions.
	Channel model and correlation
	TDL-A, medium correlation

	Delay spread
	300 ns

	Carrier frequency
	4 GHz 

	Bandwidth
	100 MHz

	Subcarrier spacing
	30 kHz

	UE speed
	3 km/h

	gNB transmit antenna configuration
	One cross-polarized antenna pair

	UE receive antenna configuration
	ULA with two cross-polarized antennas




Table A-2 System level simulation assumptions
	Deployment
	Urban macro

	Carrier frequency 
	4 GHz 

	Bandwidth
	100 MHz

	UE speed
	3 km/h

	gNB transmit antenna configuration
	AAS, 8x8 cross-polarized antenna pairs grouped into an 8x2 array of 4x1 subarrays, 26 dBi gain

	UE receive antenna configuration
	Isotropic, 0 dBi gain

	gNB noise figure
	5 dB

	UE noise figure
	7 dB

	Beamforming
	MRT



Table A-3 SNR requirements (in dB) for 1% BLER, based on the link level simulations.
	DCI size
	AL 1
	AL 2
	AL 4
	AL 8
	Al 16

	60 bit
	10.8
	4.2
	-0.3
	-4.0
	-7.1

	100 bit
	N/A
	6.8
	1.6
	-2.4
	-5.6




UE distribution per AL level and DCI size based on SINR from system level simulation
	DCI size
	AL 1
	AL 2
	AL 4
	AL 8
	Al 16

	60 bit
	0.76
	0.20
	0.03
	<0.01
	<0.01

	100 bit
	0
	0.92
	0.06
	<0.01
	<0.01
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