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Introduction
In RAN1#103-e good progress was made during the discussions for the various metrics to be considered in the study for potential benefits from scheduling on two cells using a single DCI format and the following scenarios were agreed to evaluate. Corresponding simulation parameters are provided in the Appendix.  

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. 

This contribution considers a combination of LLS-based and analysis-based evaluation for the potential benefits from scheduling on two cells using a single DCI format. 

DCI format scheduling on two cells
For brevity, the single DCI format scheduling PDSCH receptions on two cells will be referred to as DCI format X. From the above combinations, Combination 1 is primarily considered because it is both relatively typical in deployments and favorable to DCI format X. Combination 2 is also considered as it was agreed and is also relatively typical in deployments but is not as favorable to DCI format X. Combination 3 is most favorable to DCI format X but does not correspond to typical deployments – nevertheless, it will be addressed. Combination 4 does not offer more information over Combination 2 and is not considered. 

For the payload size of DCI format X, the case of 108 bits is considered as it is the only one that corresponds to a use of common fields for both scheduled cells (CRC, TPC command, PRI, DAI, HARQ-ACK feedback time) that does not penalize operation. The other/smaller payload sizes will be qualitatively discussed as there has not been any specific information for how they can be obtained in order to assess a corresponding impact. 

Figure 1 presents the BLER for DCI format 1_1 and DCI format X for Combination 1 and the geometry CDF for UMa. To facilitate comparison of single-cell vs. dual-cell scheduling, a same BWP size is assumed for each cell although the differences would be minor if cells have different BWP sizes. 
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Figure 1: (a) BLER of single-cell DCI and of dual-cell DCI, Combination 1 – (b) Geometry CDF for UMa

Based on Figure 1, Table 1 summarizes the percentage of UEs for which a given CCE AL can be used to transmit a PDCCH with DCI format 1_1 with DCI format X for Combination 1. In both cases, the reference BLER is 1%.

Table 1: Percentage of UEs with PDCCH of given CCE AL for DCI format 1_1 or DCI format X – Combination 1
	CCE aggregation level
	DCI format 1_1
	DCI format X

	1
	15% (geometry CDF above 85%)
	-

	2
	18% (geometry CDF between 67% and 85%)
	20% (geometry CDF above 80%)

	4
	30% (geometry CDF between 37% and 67%)
	20% (geometry CDF between 60% and 80%)

	8
	17% (geometry CDF between 20% and 37%)
	27% (geometry CDF between 33% and 60%)

	16
	15% (geometry CDF between 5% and 20%)
	18% (geometry CDF between 15% and 33%)

	16 + 3dB = 32
	-
	10% (geometry CDF between 5% and 15%)



Therefore, considering UEs with geometry CDFs above 5%, the average number of CCEs required for scheduling 2 PDSCHs using DCI format 1_1 is 2x(.15 + 2 x .18 + 4 x .3 + 8 x .17 + 16 x .15) = 10.94 CCEs. The average number of CCEs required for scheduling 2 PDSCHs using DCI format X is (2 x .2 + 4 x .2 + 8 x .27 + 16 x .18 + 32 x .10) = 9.44 CCEs. For a BW of 20 MHz (100 RBs), this is equivalent to savings of (1.5 x 6)/(14 x 100) = ~1.07% of additional BW per slot. Based on Shannon’s channel capacity formula, , a throughput gain is proportional to a gain in available BW for data transmission and therefore a maximum throughput gain is ~1.07%. 

Observation 1: The maximum throughput gain for Combination 1 is 1.07%.

Figure 2 presents the BLER for DCI format 1_1 and DCI format X for Combination 2 and the geometry CDF for UMa.
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Figure 2: (a) BLER of single-cell DCI and of dual-cell DCI, Combination 2 – (b) Geometry CDF for UMa

Based on Figure 2, Table 2 summarizes the percentage of UEs for which a given CCE AL can be used to transmit a PDCCH with DCI format 1_1 with DCI format X for Combination 2. In both cases, the reference BLER is 1%.

Table 2: Percentage of UEs with PDCCH of given CCE AL for DCI format 1_1 or DCI format X – Combination 2
	CCE aggregation level
	DCI format 1_1
	DCI format X

	1
	40% (geometry CDF above 60%)
	-

	2
	33% (geometry CDF between 27% and 60%)
	60% (geometry CDF above 40%)

	4
	22% (geometry CDF between 5% and 27%)
	27% (geometry CDF between 13% and 40%)

	8
	-
	8% (geometry CDF between 5% and 13%)

	16
	-
	-



Therefore, considering UEs with geometry CDFs above 5%, the average number of CCEs required for scheduling 2 PDSCHs using DCI format 1_1 is 2x(.40 + 2 x .33 + 4 x .22) = 3.88 CCEs. The average number of CCEs required for scheduling 2 PDSCHs using DCI format X is (2 x .6 + 4 x .27 + 8 x .08) = 2.92 CCEs. For a BW of 100 MHz (500 RBs), this is equivalent to savings of (0.98 x 6)/(14 x 500) = ~0.084% of additional BW per slot. Based on Shannon’s channel capacity formula, , a throughput gain is proportional to a gain in available BW for data transmission and therefore a maximum throughput gain is ~0.084%. 

Observation 2: The maximum throughput gain for Combination 2 is 0.084%.

Combination 3 is the most favorable for DCI format X as overhead savings are magnified due to the cell bandwidth being the smallest possible and due to having two UE receiver antennas. However, a corresponding deployment scenario is atypical and is also coverage limited. For example, based on Figure 1 (although the results are for 2 GHz and CORESET of 96 RBs), BLER of 1.07% is achieved at -3.1 dB SINR with 16 CCEs for the PDCCH – UEs with geometry CDF below ~15% cannot be covered. Power boosting from the 24 CCEs in the CORESET (48 RBs, 3 symbols) can provide a maximum additional SINR (if not offset by interference from power boosting on other cells) of 10log10(1.5) = 1.76 dB and the gap to reach UEs at the 5% geometry CDF can be approximately achieved. However, there cannot be any other PDCCH transmitted on the scheduling cell in the same slot (for CSS, or for another UE, or even an UL grant for the UE). Also, the assumed channel in the simulations is most frequency selective – for frequency flat channels, coverage limitation occurs. Without those considerations, Combination 3 would result to a ~2x gain for DCI format X relative to Combination 1, or a ~2.14% maximum throughput gain, and does not affect possible conclusions. 

Observation 3: The scenario for Combination 3 is atypical and problematic and does not affect conclusions for use of a DCI format scheduling PDSCH receptions on two cells.

The previous throughput gains are maximum ones because they may often not be realizable in practice and they will be offset by throughput losses due to NR requirements. 
a) When a CORESET has residual resources (not used for PDCCH transmissions), those resources can be used for a PDSCH transmission only when there is no PDCCH transmission in the CORESET other than the PDCCH scheduling the PDSCH (and if conditions in corresponding RBs for PDSCH reception are favorable for a UE). That is, if the CORESET includes a PDCCH transmission according to CSS, or a PDCCH transmission to another UE, or even a PDCCH transmission with an UL grant for the UE, any resources in the CORESET cannot be used for PDSCH transmission. Then, there is no throughput gain from using DCI format X. 
b) A net impact on throughput can actually be negative as, in order for a total number of sizes for DCI formats with CRC scrambled by C-RNTI to remain 3 (same as in Rel-16), either DCI format 0_1 needs to be size matched with DCI format 1_1 or only one of DCI format 1_1 and DCI format X can be configured which then means that DCI format X is used to schedule one PDSCH (thereby resulting to overhead increase instead of overhead reduction). For example, in any slot where the UE is scheduled PDSCH on only one cell, there will be a loss.

Observation 4: For a DCI format scheduling PDSCH receptions on two cells (DCI format X):
a) Residual resources in a CORESET cannot be used for PDSCH if the PDCCH is not the only one in the CORESET.
b) Overhead increase occurs as either DCI format 0_1 needs to be size-matched with DCI format 1_1, or DCI format X needs to also be used for scheduling PDSCH reception on only one cell.

There have been suggestions that DCI format X includes a single FDRA/TDRA/MCS field for both cells (in order to further reduce the size of DCI format X and improve its motivation). Setting aside the absence of specific proposals and the associated specification and implementation impacts, such as when the two cells do not have same BWP sizes or same numerology, any overhead savings for DCI format X would be offset by a corresponding throughput loss. This can be trivially realized by considering the hypothetical best-case scenario that the size of DCI format X is same as the size of the DCI format scheduling on a single cell. Then, the average gain from using DCI format X would be 10.94/2 = 5.47 CCEs for Combination 1 and 4.04/2 = 2.02 CCEs for Combination 2, and corresponding throughput gains would be (5.47 x 6)/(14 x 100) = 2.34% for Combination 1 and (2.02 x 6)/(14 x 500) = 0.17% for Combination 2. 

Frequency domain scheduling (FDS), even within a small BWP such as 10 MHz, has been shown to provide throughput gains of at least 50% over no FDS (e.g. references in Table 8.1.2.2.2.2-1 and 8.1.2.2.2.2-2 in [1]) and is one of the main reasons why LTE outperforms HSPA. Using a same FDRA, even for frequency contiguous cells in intra-band CA, would imply disabling FDS on at least one cell - e.g. the scheduler selects the FDRA either for the first cell and there is no FDS for the second cell, or the scheduler selects the FDRA jointly for both cells and then FDS is sub-optimal per cell. In either case, even the hypothetical maximum throughput gains from using DCI format X (e.g. 2.3% for Combination 1) are not enough to avoid a major net negative throughput loss. The same applies for using a single MCS field for which applicability is tied to using a single FDRA field. It is also noted that for spectrum below 2 GHz, most operators only have 5-15 MHz of contiguous spectrum and there is no need to deploy CA, reduce maximum bandwidth per cell, and incur coverage limitations.

Observation 5: Joint applicability on two cells for a field serving to maximize throughput per cell would result in throughput loss that is at least an order of magnitude larger than any gain from saving a few bits in the DCI format.

Observation 6: Contiguous spectrum below 2 GHz is typically limited to less than 20 MHz and there is no need to divide that spectrum among multiple cells.

For the PDCCH blocking probability, there is a tradeoff between (a) the difference in the average number of CCEs (somewhat favorable for DCI format X) and (b) the distribution of CCE ALs that is larger for the larger CCE ALs for DCI format X (unfavorable for DCI format X because if a PDCCH with a CCE AL is not blocked, then two PDCCHs, each with half the CCE AL, are also not blocked - the reverse does not always hold). Figure 3 presents the blocking probability assuming a roughly 2x CCE AL for DCI format X and probability distribution to CCE ALs of [1 2 4 8 16] of [20 20 20 20 0]% for DCI format 1_1 and [0 20 20 20 20]% for DCI format X – for DCI format X size of 132 bits, that assumption is accurate for CCE ALs of 1, 2, 4 and somewhat pessimistic for DCI format X for CCE ALs of 8 and 16 for Combination 1. As expected, the blocking probability is generally larger for DCI format X. In general, a large CORESET BW is needed for a small blocking probability, e.g. Combination 2, if multiple UEs are to be scheduled. For Combination 1 (or Combination 3), it is not reasonable to consider scheduling for more than 1 or 2 UEs per slot.     
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Figure 3: Blocking probability for 1 PDCCH scheduling 1 PDSCH and for 1 PDCCH scheduling 2 PDSCHs (with adjustment to corresponding distributions of CCE ALs). 


Observation 7: For a DCI format scheduling two PDSCH receptions where only fields not affecting scheduling are not duplicated, the blocking probability is larger than for one DCI format scheduling one PDSCH reception.


Based on the previous results and analysis, the following is proposed.

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


Conclusions
This contribution considered aspects 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: The maximum throughput gain for Combination 1 is 1.07%.

Observation 2: The maximum throughput gain for Combination 2 is 0.084%.

Observation 3: The scenario for Combination 3 is atypical and problematic and does not affect conclusions for use of a DCI format scheduling PDSCH receptions on two cells.

Observation 4: For a DCI format scheduling PDSCH receptions on two cells (DCI format X):
c) Residual resources in a CORESET cannot be used for PDSCH if the PDCCH is not the only one in the CORESET.
d) Overhead increase occurs as either DCI format 0_1 needs to be size-matched with DCI format 1_1, or DCI format X needs to also be used for scheduling PDSCH reception on only one cell.

Observation 5: Joint applicability on two cells for a field serving to maximize throughput per cell would result in throughput loss that is at least an order of magnitude larger than any gain from saving a few bits in the DCI format.

Observation 6: Contiguous spectrum below 2 GHz is typically limited to less than 20 MHz and there is no need to divide that spectrum among multiple cells.

Observation 7: For a DCI format scheduling two PDSCH receptions where only fields not affecting scheduling are not duplicated, the blocking probability is larger than for one DCI format scheduling one PDSCH reception.
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Appendix

Table A1: Link level simulation assumptions
	Parameters
	Values

	Channel model
	TDL-C

	Delay spread
	300 ns

	CCE-to-REG mapping
	Interleaved

	REG bundle size
	6

	Interleaver size
	2

	Modulation
	QPSK

	Channel coding
	Polar code

	UE speed
	3km/h

	Aggregation level
	1/2/4/8/16

	Tx Diversity
	One port precoder cycling



Table A2: System level simulation assumptions for Geometry CDF
	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
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