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The contribution is focused on the open issues of multi-cell scheduling via a single DCI in Rel-17 NR DSS.
In RAN1#103-e meeting, regarding scheduling PDSCHs on multiple carriers via a single DCI format, the corresponding agreements are made as below only for further evaluation purpose:
[bookmark: _Hlk39170201]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




Hence, in this contribution, we show our evaluation results for multi-cell scheduling and present our views on the high-level design aspects that should be considered for determining whether to support single DCI scheduling PDSCH on two cells. This contribution is a revision of R1-2008929 with evaluation results included for the agreed simulation assumptions in RAN1#103-e. 
Discussion
NR CA with PCell operating with DSS 
DSS was introduced in Rel-15 with enhancements in Rel-16 for LTE and NR co-existence on same frequency. On a carrier shared by LTE and NR, the NR transmission can’t use REs occupied by LTE CRS and LTE PDCCH region in order to avoid any interference to LTE system. Hence, on the shared carrier, the PDCCH capacity of NR is limited. Considering the low frequency is more preferred to be configured as PCell in CA framework due to coverage improvement, when a carrier in low frequency shared by LTE and NR is configured as NR PCell, the insufficient NR PDCCH capacity on the NR PCell will lead to system performance degradation especially when more NR devices are camped on the NR PCell.
As an objective of Rel-17 DSS, one way to solve the NR PDCCH capacity issue is to introduce new mechanism to schedule PDSCH on NR PCell from a PDCCH on NR SCell as well as consider the benefits of single DCI scheduling two cells (single DCI on PCell/SCell scheduling PDSCH on both PCell and SCell). Since a NR-only SCell is usually configured with a larger bandwidth than the NR PCell on the shared carrier, PCell scheduling for Rel-17 NR UEs can be offloaded to the NR SCell. In this way, the network can have sufficient PDCCH capacity for scheduling NR UEs on the shared carrier.
Supporting NR cross-carrier scheduling such as from SCell to PCell results in requiring additional (e.g., almost double for same loading on both cells) PDCCH capacity for the scheduling SCell due to the need for self-scheduling on the SCell as well cross-carrier scheduling on the (shared carrier) PCell. Thus, the PDCCH capacity on the SCell may be a potential issue when a large number of UEs are configured on the SCell or the SCell is not configured with a large enough bandwidth. This issue can be addressed by allowing a single DCI on one carrier to schedule PDSCHs on two carriers. In detail, two PDSCHs on two carriers are scheduled by a single DCI format, which saves PDCCH scheduling overhead. 
However, in practice, the NR-only carrier and the shared carrier are much likely on different frequency bands with inter-band CA, e.g., the shared carrier on low frequency band (e.g., 800MHz) is configured as NR PCell (due to better coverage) and the NR-only carrier on high frequency band (e.g., 3.5GHz) is configured as NR SCell. Due to the large frequency separation between the bands, the channel conditions of NR PCell and NR SCell are less correlated. It is difficult to assume same link adaptation property on the two cells and use single fields for indicating same MCS, frequency domain resource allocation as well as time domain resource allocation. Furthermore, scheduling PDSCH on the shared carrier needs to avoid LTE CRS and LTE PDCCH region while there is no such restriction on the NR-only carrier. Consequently, using same field indicating same time domain resource allocation on the two carriers may lead to scheduling inflexibility to some extent. For full flexibility scheduling two PDSCHs on two carriers by a single DCI, almost all the related fields in the two-carrier scheduling DCI need to be doubled except 24-bit CRC. The larger the DCI payload size, the lower the transmission reliability and less coverage. As a result, further overhead reduction is required for the two-carrier scheduling DCI at the cost of  potential reduction in scheduling flexibility. 
On the other hand, the feature of multiple PUSCHs scheduled by a single DCI has been already specified in NR Rel-16 NR-U. The scheduled multiple PUSCHs are consecutive in time domain without any gap. Maximum 8 PUSCHs can be scheduled by a single DCI. Meanwhile, at least a single PUSCH can be scheduled by the DCI. In detail, a single DCI format 1-1 can schedule maximum 8 PUSCHs and minimum 1 PUSCH. This kind of scheduling flexibility is realized by the combination of RRC configured set of time domain resource allocation patterns and DCI indicated a single time domain resource allocation pattern from the configured set for all of the scheduled PUSCH. This mechanism avoids separate indication for resource allocation for each PUSCH in time domain. This mechanism from Rel-16 NRU can be also reused for Rel-17 DSS two-carrier scheduling DCI design so as to avoid huge overhead in the DCI. 
Based on the above, a preliminary analysis is provided in Table 1 with the assumptions of single DCI scheduling two carriers and single DCI scheduling one carrier. For single DCI scheduling a single PDSCH, the DCI payload size is 87 bits including 24-bit CRC. For single DCI scheduling two PDSCHs on two carriers, the DCI payload size including 24-bit CRC is 106 bits at the cost of limited scheduling flexibility or 134 bits with the assumption of full scheduling flexibility. Compared to 87-bit single DCI for single PDSCH scheduling, the overhead increasing ratio of single DCI for two PDSCH scheduling is 21% and 54% for limited scheduling flexibility and full scheduling flexibility, respectively. However, compared to two 87-bit DCIs scheduling two PDSCHs, the overhead reduction ratio of single DCI for scheduling two PDSCHs is 39% and 23% for limited scheduling flexibility and full scheduling flexibility, respectively.
A single DCI supporting scheduling two carriers can also support scheduling of one carrier, and the differentiation between single carrier or two carrier scheduling can be based on indicated CIF value. As scheduling two carrier (CA) with a single DCI is typically associated with large data transmission, the following can be considered to further reduce the DCI payload size (with the bit savings used for indication of the needed separate fields for the two carriers (e.g., MCS, NDI, RV, HARQ ID):
1. Only support non-interleaved VRB-to-PRB mapping.
2. Only support resource allocation type 0 with increased RBG size at least for the non-DSS SCell. For example, SCell uses RBG size configuration 2 when single DCI schedules two carriers irrespective of whether RBG configuration 1 is configured for single carrier/SCell self-scheduling case. 
3. Supporting only larger number of symbols allocation in TDRA resulting in a reduction in number of TDRA bits (in case of separate fields) or combinations (shared/joint encoding) needed for the non-DSS SCell. The DSS PCell may need the scheduling flexibility of mini-slot and (nearly) slot-based scheduling for co-existence with LTE. 

Table 1: DCI payload size (100 PRBs are assumed)
	DCI fields of Format 1_1
	Baseline size (bits)
	Shared or separate?
	Bit size

	Identifier for DCI formats
	1
	Shared
	1

	Carrier indicator
	3
	Shared or separate
	3 or 6

	Bandwidth part indicator
	2
	Shared or separate
	2 or 4

	Frequency domain resource assignment
	13
	Shared or separate
	13 or 26

	Time domain resource assignment
	4
	Shared or separate
	4 or 8

	VRB-to-PRB mapping
	1
	Shared 
	1

	PRB bundling size indicator
	1
	Shared or separate
	1 or 2

	Rate matching indicator
	2
	Separate
	2 or 4

	ZP CSI-RS trigger
	2
	Separate
	4

	Modulation and coding scheme
	5
	Shared or separate
	5 or 10

	New data indicator
	1
	Separate
	2

	Redundancy version
	2
	Separate
	4

	HARQ process number
	4
	Separate
	8

	Downlink assignment index
	4
	Shared
	4

	TPC command for scheduled PUCCH
	2
	Shared
	2

	PUCCH resource indicator
	3
	Shared
	3

	HARQ timing indicator
	3
	Shared
	3

	Antenna port(s)
	4
	Separate
	8

	Transmission configuration indication
	3
	Separate
	6

	SRS request
	2
	Shared
	2

	CBGTI
	-
	-
	-

	CBGFI
	-
	-
	-

	DMRS sequence initialization
	1
	Separate
	2

	Total size (bits)
	63
	
	 80 or 110




Based on above analysis, we have below observations:
Observation 1: The payload size of a single DCI scheduling two PDSCHs on two carriers can be in a range of 80~110 and further reduced if some fields are configured with less bits. 
Observation 2: Compared to a single DCI scheduling a single PDSCH, the payload size of a single DCI scheduling two PDSCHs on two carriers needs to be increased about 21~54%. 
Observation 3: Compared to two DCIs scheduling two PDSCHs, the payload size of a single DCI scheduling two PDSCHs on two carriers can save 23% ~ 39% overhead.

Evaluation results 
In order to evaluate the performance of using single DCI scheduling two PDSCHs on two carriers, simulation on PDCCH blocking rate is performed in link level and system level with different DCI payload sizes and different UE numbers per cell. 
According to the agreed simulation assumptions in Table 3 in Annex, link level simulation is performed to show the required SNR values for different DCI payload sizes with different aggregation levels so as to meet 1% BLER target. The detailed results are shown in Table 1 and Table 2 for simulation parameter combination 1 and combination 2, respectively.
Table 1: Required SINR for 1% BLER for simulation parameter combination 1
	DCI payload without CRC
	Required SINR(dB)

	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	60 bits
	-7.37
	-4.86
	-1.38
	3.13
	10.09

	72 bits
	-7.09
	-4.33
	-1.02
	4.07
	12.06

	84 bits
	-6.65
	-3.91
	-0.30
	4.84
	14.61

	96 bits
	-6.23
	-3.42
	0.19
	5.82
	—

	108 bits
	-6.06
	-3.25
	0.52
	6.38
	—



Table 2: Required SINR for 1% BLER for simulation parameter combination 2
	DCI payload without CRC
	Required SINR(dB)

	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	60 bits
	-13.15
	-11.16
	-8.68
	-5.39
	-0.48

	72 bits
	-13
	-11.02
	-8.20
	-4.81
	1.06

	84 bits
	-12.42
	-10.34
	-7.82
	-4.15
	3.84

	96 bits
	-12.13
	-10.06
	-7.26
	-3.54
	4.02

	108 bits
	-12.00
	-9.72
	-7.01
	-3.02
	—



According to the agreed simulation assumptions in Table 4 in Annex, system level simulation is performed to show the UE geometry distribution with assumption of 10 UEs per cell. The detailed results are shown in Figure 1 and Figure 2 for simulation parameter combination 1 and combination 2, respectively.
[bookmark: _GoBack][image: ]
Figure 1: UE geometry distribution for simulation parameter combination 1
[image: ]
Figure 2: UE geometry distribution for simulation parameter combination 2
To evaluate the performance of PDCCH blocking rate, we consider two simulation scenarios as agreed in previous RAN1#103-e meeting. 
· 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.
As mentioned above, in the baseline scenario, two DCI formats with each DCI format scheduling a single cell are allocated to a UE; in two-cell scheduling scenario, a single DCI scheduling two cells is allocated to the UE. In simulation parameter combination 1, 32 CCEs are contained in the two-symbol CORESET; in simulation parameter combination 2, 45 CCEs are contained in the one-symbol CORESET. In the simulation, the number of UEs per cell is set to 5, 10, 15 and 20, respectively. Dependent on user geometry, the corresponding aggregation level is selected for the PDCCH to meet the target BLER of 1%. When the total number of allocated CCEs exceeds the maximum number of CCEs in the CORESET, e.g., 32 for simulation parameter combination 1 and 45 for simulation parameter combination 2, the PDCCH for a UE is dropped until the number of allocated CCEs is not larger than the maximum CCE number. Each dropped PDCCH is counted as one PDCCH blocking. In the baseline scenario, due to limitation of maximum number of CCEs, if both PDCCHs for a UE cannot be transmitted, it is counted as two PDCCH blockings; if only one PDCCH for the UE is transmitted and another PDCCH for the UE is dropped, it is counted as one PDCCH blocking. The detailed simulation results on PDCCH blocking rate are shown in Figure 3 and Figure 4 for simulation parameter combination 1 and 2, respectively for different assumptions of two-cell scheduling DCI payload size (72/84/96/108 bits excluding CRC). For single-cell scheduling DCI, the payload size of 60-bits (excluding CRC) is assumed for each PDCCH.  
Based on the results in Figure 3 and Figure 4, we can observe that PDCCH blocking rate is increased with the increase of UE number per cell and two-cell scheduling DCI (legend: 1xK bits, K=72/84/96/108) always has lower PDCCH blocking rate compared with using two single-cell scheduling DCIs (legend: 2x60 bits) even when the DCI payload size for the two-cell scheduling DCI is 108 bits (legend: 1x108 bits). When the payload size of two-cell scheduling DCI is further reduced, PDCCH blocking rate can be further reduced.
[image: ]
Figure 3: PDCCH blocking probability using one DCI for two-cell scheduling, parameter combination 1, 2GHz, 32 CCEs

[image: ]
Figure 4: PDCCH blocking probability using one DCI for two-cell scheduling, parameter combination 2, 4GHz, 45 CCEs
Observation 4: Two-cell scheduling DCI has lower PDCCH blocking rate compared with using two single-cell scheduling DCIs.

Based on above discussion, we have below proposals:
Proposal 1: Support using a single DCI to schedule two PDSCHs on two cells.
Proposal 2: Further study payload size reduction for the two-cell scheduling DCI.

DCI format
Further, using one DCI format scheduling two PDSCHs on two carriers can save UE’s power consumption since UE needs to monitor the DCI in the search space of only one carrier where the DCI format is transmitted. In addition, in order not to increase UE’s PDCCH blind decoding budget as one target of Rel-17 DSS, the new DCI should be a non-fallback DCI which supports scheduling not only a single PDSCH but also two PDSCHs on two carriers when the UE is configured with such feature. 
Observation 5: Using single DCI scheduling two PDSCHs on two carriers can save UE’s power consumption. 
Proposal 3: The two-cell scheduling DCI can schedule one PDSCH on one cell or two PDSCHs on two cells.

Regarding using a single DCI scheduling two PDSCHs on two carriers, there are two possible cases, Case 1: one PDSCH is self-scheduled on same carrier and another PDSCH is cross-carrier scheduled; Case 2: the two PDSCHs are cross-carrier scheduled from a third carrier. One example is shown in Figure 1 where CC1 is a NR-only carrier and both CC2 and CC3 are shared carriers with LTE. Theoretically, the number of required PDCCHs is halved. 

[image: ]
Figure 1: Two PDSCHs on two carriers are scheduled by a single DCI

Additionally, one issue needs to be clarified is whether the two PDSCHs scheduled by a single DCI carry two different TBs, two repetitions of one TB or a single TB. Since independent HARQ is used for CA in high layer/protocol design, scheduling one TB on two different carriers would lead to complicated design and significant standard impact. Moreover, only a single TU is assigned for Rel-17 DSS WI, it is better to clarify that two different TBs are scheduled on two PDSCHs.
Observation 6: Scheduling a single TB on two carriers is not in the scope of Rel-17 DSS.

HARQ-ACK codebook determination 
Regarding HARQ-ACK codebook design, there is no issue for Type 1 HARQ-ACK codebook due to the semi-static codebook size. However, for Type 2 HARQ-ACK codebook, since each non-fallback DCI can schedule one or two PDSCHs, when the DCI is missed by UE, there may be misunderstanding between gNB and UE on the number of scheduled PDSCHs. In that sense, HARQ-ACK codebook ambiguity may happen. As a result, how to construct the Type 2 HARQ-ACK codebook needs to be considered in order to synchronize the same understanding between gNB and UE.
Furthermore, the HARQ-ACK feedback corresponding to the two PDSCHs scheduled by a same DCI can be included in a same HARQ-ACK codebook so that the HARQ-ACK feedback timing indicator, PUCCH resource indicator as well as TPC command in the DCI can be shared.
Observation 7: HARQ-ACK feedback for the two PDSCHs scheduled by a single DCI is included in same HARQ-ACK codebook.
Proposal 4: Further study Type-2 HARQ-ACK codebook determination.

Conclusion
In this contribution, we focus on the open issues for using a single DCI format to schedule two PDSCHs on two different carriers and have below observations and proposals:
Observation 1: The payload size of a single DCI scheduling two PDSCHs on two carriers can be in a range of 80~110 and further reduced if some fields are configured with less bits. 
Observation 2: Compared to a single DCI scheduling a single PDSCH, the payload size of a single DCI scheduling two PDSCHs on two carriers needs to be increased about 21~54%. 
Observation 3: Compared to two DCIs scheduling two PDSCHs, the payload size of a single DCI scheduling two PDSCHs on two carriers can save 23% ~ 39% overhead.
Observation 4: Two-cell scheduling DCI has lower PDCCH blocking rate compared with using two single-cell scheduling DCIs.
Observation 5: Using single DCI scheduling two PDSCHs on two carriers can save UE’s power consumption. 
Observation 6: Scheduling a single TB on two carriers is not in the scope of Rel-17 DSS.
Observation 7: HARQ-ACK feedback for the two PDSCHs scheduled by a single DCI is included in same HARQ-ACK codebook.

Proposal 1: Support using a single DCI to schedule two PDSCHs on two cells.
Proposal 2: Further study payload size reduction for the two-cell scheduling DCI.
Proposal 3: The two-cell scheduling DCI can schedule one PDSCH on one cell or two PDSCHs on two cells.
Proposal 4: Further study Type-2 HARQ-ACK codebook determination.
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Annex:

Table 3: Link level simulation assumptions for PDCCH evaluation
	Parameters
	Values

	Carrier frequency
	2 GHz
4 GHz

	SCS
	15 kHz for 2GHz
30 kHz for 4GHz

	Bandwidth 
	20 MHz for 2GHz
100 MHz for 4GHz

	Channel model
	TDL-C

	Delay spread
	300 ns

	Number of symbols for CORESET
	2 symbols for 2GHz
1 symbol for 4GHz

	CORESET BW (contiguous PRB allocation)
	96 RBs for 2GHz
270 RBs for 4GHz 

	CCE-to-REG mapping
	Interleaved

	REG bundle size
	6

	Interleave size
	2

	DCI payload size (excluding CRC)
	Single PDSCH scheduling: 60 bits
Multi-cell PDSCH scheduling: 72/84/96/108 bits

	BLER target for multi-cell scheduling DCI
	1%

	Number of BS antennas
	2 Tx for 2GHz
4 Tx for 4GHz

	Number of UE antennas
	2 Rx for 2GHz
4 Rx for 4GHz

	Modulation
	QPSK

	Channel coding
	Polar code

	UE speed
	3km/h

	Aggregation level
	1/2/4/8/16

	Tx Diversity
	One port precoder cycling





Table 4: System level simulation assumptions for UE geometry distribution
	Parameters
	Values

	Carrier frequency
	2 GHz
4 GHz

	SCS
	15 kHz for 2GHz
30 kHz for 4GHz

	Bandwidth 
	20 MHz for 2GHz
100 MHz for 4GHz

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	46 dBm

	Scenario
	Urban Macro

	ISD
	500m

	TRP antenna configuration
	(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 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

	Macro sites
	19

	Number of UEs per cell
	10/15/20 UEs  

	Downtilt
	102°

	Minimum BS to UE distance
	35m
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