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Introduction
In RANP#86, the following was included as part of the WI on dynamic spectrum sharing (DSS) [1].

	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 



This contribution considers tradeoffs for specifying and supporting scheduling on one or two cells by a single DCI format. 

DCI format scheduling on two cells
The main benefit for enabling a single DCI format to schedule PDSCH receptions (or PUSCH transmissions, although precluded in the WID) on two cells is PDCCH overhead reduction through a reduction in the total number of required DCI format bits. As scheduling conditions on different cells are largely independent, link adaptation should also be independent to avoid any throughput loss that will negate any potential gain from DCI overhead reduction. Fields for which duplication can be avoided with a single DCI format scheduling PDSCHs on two cells are the DAI (counter and total), the TPC commands, and the CRC bits resulting to a total savings of 30 bits over using two separate DCI formats. 

Observation 1: Potential support of a DCI format scheduling PDSCH receptions on two cells should avoid any throughput degradation over using two DCI formats.

Due to a larger size of a DCI format addressing two cells (will be referred as “DCI format C2”) than the size of a DCI format 1_x (e.g. DCI format 1_1 for eMBB in CA) addressing one cell, “DCI format C2” will typically require a larger CCE aggregation level (somewhat less than 2x than for DCI format 1_1). There are a number of associated drawbacks for operation with larger CCE ALs, with severity depending on deployment assumptions, including:
a) Increased PDCCH blocking probability
b) Inability to use CCE AL=1which then at least partially negates potential overhead savings
Nevertheless, a “best-case scenario” analysis will be assumed in the following. 
 
To evaluate possible overhead reduction, an LLS evaluation is provided in Figure 1. For simplicity it is assumed that the UE has same BWP size on the two cells and same MIMO configurations but this assumption does not affect the conclusions. The DCI format 1_1 size is 100 bits, including CRC, (FR1, non-shared spectrum, 2 TBs, no CBGs, optional fields such as CIF, BWP indicator are included). Then, the “DCI format C2” size 170 (2 x 100 – 30) bits. Additional simulation assumptions are provided in the Appendix. For similar operating characteristics, a 1% BLER for DCI format 1_1 is equivalent to 0.5% BLER for “DCI format C2” (as a missed detection for “DCI format C2” will lead to two PDSCH misses). The following are observed:
a) For UEs with SINRs above ~5 dB (somewhat typical for CA operation), using DCI format 1_1 with aggregation level of 2 CCEs is preferable as overhead savings from “DCI format C2” are offset from the larger code rate
b) AL=8 CCEs will be atypical for comparison purposes as it corresponds to UEs configured with CA operation and experiencing SINRs below -3 dB. AL=16 CCEs will not be used
c) For AL=4 CCEs, using DCI format 1_1 is equivalent for an overhead perspective to using “DCI format C2” 
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Figure 1: BLER of DCI format 1_1 (100 bits) and of a DCI format scheduling PDSCH on two cells (170 bits)

Observation 2: For DCI format 1_1 size of 100 bits, there is no overhead gain from using a “DCI format C2” over using 2 times DCI format 1_1. This is due to (a) the larger size of “DCI format C2” resulting to larger code rate for a given CCE AL and (b) the BLER operating point of “DCI format C2” having to be lower (0.5% vs 1% for DCI format 1_1).  


To further improve “the best-case scenario” assumption for a potential benefit from a “DCI format C2”, the size of DCI format 1_1 is considered to be 80 bits (including CRC). Such size can result by:
a) removing all optional fields (CIF, indicators for BWP, VRB-to-PRB mapping, PRB bundling-size, rate matching, antenna ports, DMRS sequence initialization), and 
b) continue to exclude (as for the case of DCI format 1_1 size of 100 bits) fields related to shared spectrum operation, CBG configuration, and TCI state indication
c) PDSCH scheduling with 2 TBs continues to be assumed (i.e. 2x of RV/NDI/MCS fields) 
The size of “DCI format C2” is then 130 bits and the % of total size reduction is now larger than when the size of DCI format 1_1 is 100 bits. LLS results are provided in Figure 2. The following are observed:
a) AL=1 CCE is possible for DCI format 1_1 but is not possible for “DCI format C2”
b) For AL=2 CCEs, DCI format 1_1 is somewhat preferable over “DCI format C2” (3 dB SINR needed for “DCI format C2” for 0.5% BLER, -0.3 dB needed for DCI format 1_1)
c) For AL=4 CCEs, “DCI format C2” results to a benefit of ~0.4 dB over DCI format 1_1 – this is applicable for UEs configured with CA operation and experiencing SINRs below 0 dB. 
d) The gains from “DCI format C2” increase for CCE AL=8 and CCE AL=16 but those CCE ALs are not meaningful for the target BLER (1%) and the operating scenario (CA).
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Figure 2: BLER of DCI format 1_1 (80 bits) and of a DCI format scheduling PDSCH on two cells (130 bits)

Observation 3: For DCI format size 1_1 size of 80 bits, “DCI format C2” cannot be used for AL=1, it is somewhat worse than DCI format 1_1 for AL=2, and begins offering gains for AL=4 and above but those CCE ALs are not typical. 

As previously mentioned, the inability of “DCI format C2” to offer any benefit over DCI format 1_1 is due to (a) a larger code rate for the smaller CCE ALs, and (b) a requirement for a lower BLER operating point for “DCI format C2”. Just for the sake of theoretically determining what a maximum overhead gain from “DCI format C2” can possibly be, a direct numerical evaluation is considered in the following for a “best-case scenario” where the DCI format 1_1 size is 80 bits (including CRC). The additional SINR to transmit 160 bits (2 DCI format 1_1) over 130 bits (“DCI format C2”) is 10log10(160/130) = 0.9 dB. Adding 0.1 dB for somewhat larger coding gain for 130 bits over 80 bits, the gain is ~1 dB.  

To translate the ~1 dB gain to resource savings per slot, a geometry CDF for UEs in CA deployments is needed. For simplicity, it is assumed that DCI format 1_1 is transmitted on average with 3 CCEs (e.g. roughly equal probability to use AL=2 or AL=4 and immaterial probability to use AL=8 or AL=16 while, although AL=1 may be often typical for DCI format 1_1, is not possible for “DCI format C2” and is not considered – a favorable assumption for “DCI format C2”). Then, a ~1 dB gain is equivalent to using 2.4 CCEs instead of 3 CCEs (or 4.8 CCEs for “DCI format C2” instead of 6 CCEs for 2 DCI formats 1_1, on average). The saving of 1.2 CCEs are equivalent to 7.2 RBs. For a BWP of 20 MHz (100 RBs at 15 kHz in FR1), the gain is ~0.52% of the resources per slot (the gain is smaller for larger BWPs that can be expected for CA but another favorable assumption for “DCI format C2” is made). The 0.52% gain can be multiplied by the number of UEs scheduled with CA in a same slot and with a number of cell pairs scheduled per slot per UE. The number of UEs scheduled with CA in a slot is small, typically 1 or 2 (CA typically uses most available BW for PDSCH receptions). The number of cells will be assumed to be 4 which is somewhat optimistic (e.g., as further discussed below assuming use of DCI format 1_1, for 1 cell there is no gain, for 2 or 3 cells the gain is as for 2 cells, for 4 or 5 cells the gain is as for 4 cells, for 6 or 7 cells the gain is as for 6 cells, and for 8 or 9 cells the gain is as for 8 cells – the case that a UE is scheduled on 10 or more cells in a slot is considered to have a small likelihood from a system perspective). Then, the maximum gain in resources per slot is about 1%-2%.

Observation 4: Under optimistic assumptions, a “DCI format C2” can provide a theoretical maximum of about 1%-2% additional resources per slot.


The theoretical maximum gain in resources per slot from “DCI format C2” is not directly realizable in practice. The WID states that “the total PDCCH blind decoding budget” should not be changed. Although that is not meaningful for the present case, it is assumed to imply that an impact/increase on UE implementation complexity is not introduced, and then one consequence is that the number of UE-specific DCI format sizes that a UE is required to monitor based on the configuration of search space sets remains equal to 3 as in Rel-16. Then, there are two alternatives:
a) The size of DCI format 0_1 is size matched to the size of DCI format 1_1. This will negate a percentage of overhead savings from introducing a “DCI format C2”
b) Only one of DCI format 1_1 or “DCI format C2” can be configured to a UE. This will have even worse consequences in terms of overhead than size matching DCI format 0_1 and DCI format 1_1 because the UE may be scheduled on an odd number of cells in a given slot (including on a single cell), or the best cells to schedule the UE may not be paired.

It is practically certain that size matching DCI format 0_1 and DCI format 1_1 is preferable from an overhead perspective to not being able to use DCI format 1_1 for scheduling on an odd number of cells. For operation in FR1 (e.g. no TCI state indication, no PT-RS, …), on licensed spectrum, and without CBG configuration, the difference between DCI format 0_1 and DCI format 1_1 is about 15 bits (e.g. ~95 bits for DCI format 1_1 vs. ~80 bits for DCI format 0_1) and is not affected much by particular assumptions. Therefore, assuming roughly equal probability for scheduling on UL and DL, ~50% of the resource savings from “DCI format C2” will be offset from having to schedule PUSCH with a larger than necessary size for DCI format 0_1 (although the ~50% may be somewhat pessimistic and the actual % may be smaller).

Observation 5: With size matching for DCI formats 0_1 and 1_1, and under optimistic assumptions, a “DCI format C2” can provide a theoretical maximum of about 0.5%-1% additional resources per slot.

Observation 6: In practice, use of a “DCI format C2” is detrimental as it does not offer any benefit for applicable operating scenarios over DCI format 1_1 but instead requires DCI format 0_1 to be size-matched with DCI format 1_1. 

A specification impact from introducing a “DCI format C2” is unlikely to be contained only in the definition of a new DCI format. For example, a specification impact may be on Type-2 HARQ-ACK codebook determination (although not expected to be major, a UE implementation will have to adjust), and it may affect determination of the total numbers of PDCCH candidates and non-overlapping CCEs for CA operation if also extended to PUSCH scheduling (e.g. one PDCCH may also be used for 2 scheduled UL cells). Nevertheless, as there are no benefits from introducing “DCI format C2”, a detailed specification impact assessment is not pursued in this contribution.

Proposal: A DCI format that schedules PDSCH receptions on two cells is not introduced. 


Conclusions
This contribution considered potential benefits from the introducing of a DCI format that schedules PDSCH receptions on two cells and proposes the following.

Proposal: A DCI format that schedules PDSCH receptions on two cells is not introduced. 

In addition, the following are observed.

Observation 1: Potential support of a DCI format scheduling PDSCH receptions on two cells should avoid any throughput degradation over using two DCI formats.

Observation 2: For DCI format 1_1 size of 100 bits, there is no overhead gain from using a “DCI format C2” over using 2 times DCI format 1_1. This is due to (a) the larger size of “DCI format C2” resulting to larger code rate for a given CCE AL and (b) the BLER operating point of “DCI format C2” having to be lower (0.5% vs 1% for DCI format 1_1).  

Observation 3: For DCI format size 1_1 size around 80 bits, “DCI format C2” cannot be used for AL=1, it is somewhat worse than DCI format 1_1 for AL=2, and begins offering gains for AL=4 and above but those CCE ALs are not typical. 

Observation 4: Under optimistic assumptions, a “DCI format C2” can provide a theoretical maximum of about 1%-2% additional resources per slot.

Observation 5: With size matching for DCI formats 0_1 and 1_1, and under optimistic assumptions, a “DCI format C2” can provide a theoretical maximum of about 0.5%-1% additional resources per slot.

Observation 6: In practice, use of a “DCI format C2” is detrimental as it does not offer any benefit for applicable operating scenarios over DCI format 1_1 but instead requires DCI format 0_1 to be size-matched with DCI format 1_1. 
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Appendix
The following Table provides the LLS assumptions for the results in Figures 1 and 2.
	Simulation assumptions

	Parameters
	Value

	DCI format 1_1 payload (including 24 bits CRC)
“DCI format C2” payload (including 24 bits CRC)
	80 bits, 100 bits
130 bits, 170 bits

	System bandwidth
	20 MHz

	Carrier Frequency
	4 GHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20 MHz

	Aggregation level
	1, 2, 4, 8, 16

	Interleaver size (R)
	2

	REG bundling size (L)
	6

	Modulation 
	QPSK

	Channel coding
	Polar code

	Transmission scheme
	Precoder cycling

	Channel model
	TDL-A (delay spread: 30ns)

	UE speed
	3 km/h

	Number of BS antennas
	2 Tx

	Number of UE antennas
	4 Rx

	SNR interval
	1 dB
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