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1. [bookmark: OLE_LINK14][bookmark: OLE_LINK13]Introduction
In R17 DSS WID [1], the following objectives are agreed:
· PDCCH enhancements for cross-carrier scheduling including [RAN1, RAN2]
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]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
[bookmark: _Ref16006416]In the contribution, we provide our views on scheduling PDSCH on two cells with a single DCI.

2. Scenario and use case
Dynamic spectrum sharing (DSS) provides a very useful migration path from LTE to NR by allowing LTE and NR to operate on the same frequency, it is important to ensure sufficient scheduling capacity for NR UEs on the shared carriers. 
However, some operators are allocated with several narrow spectrums scattered across different frequencies. For example, Table 1 from [2] has listed some narrow channel bandwidths that have been requested so far. With such narrow bandwidth, PDCCH capacity becomes a major bottleneck to achieve the best performance.
[bookmark: _Ref47088029]Table 1. Requested narrow channel bandwidth
	Band (s)
	Channel Bandwidth(s)

	n5
	7, 11 MHz

	n12
	12 MHz

	n26
	7 MHz

	n28
	13, 33 MHz

	n29
	6, 7, 8, 11 MHz


Supporting joint scheduling is a possible solution to fully exploit these scattered frequency resources while still ensuring a relatively low PDCCH overhead. Specifically, the number of DCIs required for joint scheduling is halved compared to single scheduling, in which case, PDCCH overhead may significantly decrease. Hence, joint scheduling is expected to provide more opportunities for L1 scheduling/data transmission and higher throughput can be achieved. From the UE side, this solution requires less PDCCH processing compared with the case where two DCI are required for scheduling two PDSCHs as illustrated in Figure 1.


[bookmark: _Ref47687055]Figure 1. Example of single scheduling and joint scheduling

Nonetheless, to ensure sufficient scheduling capacity on the NR Pcell even when the Pcell shares the same frequency with LTE, it may be beneficial to consider joint scheduling in the following scenarios:
· Scenario1: Pcell schedules two cells by joint scheduling
Compared with using two DCIs on Pcell to schedule two cells separately, jointly scheduling on Pcell allows gNB to use fewer DCI to schedule the same number of transmissions, which reduces the amount of control signaling required on Pcell and possibly increases the capacity.
· Scenario2: Scell#1 schedules Scell#1+Pcell by joint scheduling
In this case, Scell#1 schedules Pcell and itself through a single DCI. It can offload to the Scell#1 some of the PDCCH for scheduling Pcell that was originally required to be transmitted on the Pcell, hence joint scheduling may increase the scheduling capacity on Pcell.
[bookmark: _Ref47713036]Proposal 1. Joint scheduling should be studied in following scenarios
· Pcell jointly schedules two cells;
· A Scell jointly schedules Pcell and the Scell itself;

However, several aspects are not clear according to the current WID and need further clarification. 
First of all, if a single DCI schedules PDSCH on multiple cells, there can be different understandings on the number of TBs to be transmitted in the scheduled PDSCHs. We would like to clarify that PDSCHs jointly scheduled by a single DCI should correspond to different TBs, there would be a significant impact on RAN2 otherwise. Specifically, if the PDSCHs scheduled jointly correspond to single TB or duplications of the same TB, in addition to the necessary work in the physical layer that needs to be done, high layer spec also needs to be heavily modified to support this feature if the duplicated TBs need to be soft combined. For example, RAN2 may need to change their protocol architecture to allow sharing a HARQ entity between two cells as well as joint buffer maintenance of two cells, which is complicated and may not be feasible. 
[bookmark: _Ref47622587]Proposal 2. The study focuses on the case that PDSCH jointly scheduled by a single DCI correspond to different TBs.

Secondly, it is noted that there are a lot of commonalities between the design of UL grant and DL grant in R15 and R16. However, the WID only mentions DL joint scheduling for enhancement. Thus, it is beneficial to clarify whether or not joint scheduling UL needs to be studied.
[bookmark: _Ref47623714]Proposal 3. Clarify whether PUSCH joint scheduling should be studied.

3. Potential gain evaluation and analysis
To evaluate the potential gain brought by joint multi-cell scheduling, we performed SLS and LLS based on the simulation assumptions in the appendix. In the LLS simulation, we assumed that the payload size of a non-fallback DCI which schedules a single serving cell is 60bits (excluding 24bits CRC), and the payload size of joint DCI is 72/84/96 bits (excluding 24bits CRC) corresponding to a 40/30/20% DCI information bits compression rate compared with that for 2 single DCIs. The following two cases are considered:
· Case1: all the UEs in the network are scheduled with a single DCI for each CC (baseline)
· Case2: all the UEs in the network are scheduled with a joint DCI scheduling two CCs
[bookmark: _Ref48246499]Table 2. Required SNR at 1% BLER+2 [dB] implementation margin and the distribution of each AL
	
	Case1
	Case2

	
	60 +24 bits CRC
	72 +24 bits CRC
	84 +24 bits CRC
	96 +24 bits CRC

	
	SNR
	%
	SNR
	%
	SNR
	%
	SNR
	%

	AL=1
	14.45
	79
	16.13
	73
	19.82
	60
	/
	/

	AL=2
	7.047
	15
	8.25
	20
	9.229
	31
	10.11
	90

	AL=4
	2.5421
	4
	3.087
	4
	3.596
	6
	4.106
	7

	AL=8
	0.842
	1
	0.378
	2
	1.854
	1
	1.491
	1

	AL=16
	-3.787
	0
	-3.395
	0
	-2.978
	1
	-2.607
	1



Table 2 provides the required SNR to achieve 1% BLER for each AL plus 2dB implementation margin in two cases as well as the corresponding distribution of CCE with different ALs. Based on the SNR distribution CDF provided in Table 7 of appendix, the ratio of UEs for each AL is also provided. On top of it, the average number of CCEs occupied by single DCI or a joint DCI can be derived. According to Table 4, it can be observed that when the size of a joint DCI (excluding CRS) is no larger than 70% of the total size of the two single DCIs, it saves more than 36.09% CCE compared with the case where two DCIs are transmitted to schedule two PDSCH. However, when the information bit compression ratio of joint DCI is less than 20%, the amount of CCE saved drops significantly and becomes less than 12.78%. Note that here we assume all the UEs in the system is schedule by joint DCI so the CCE saving rate can be understood as the upper limit. 
Table 3. The average number of CCEs for a DCI
	
	Case1
	Case2

	DCI size
	60 +24 bits CRC
	72 +24 bits CRC
(40% compression)
	84 +24 bits CRC
(30% compression)
	96 +24 bits CRC
(20% compression)

	Average number of CCEs
	1.34 
	1.46 
	1.72 
	2.34 

	Saving ratio
	0
	45.49%
	36.09%
	12.78%


 
[bookmark: _Ref48245744]In this study, only the CCE saving rate is reported, however, the meaningful system gains due to a given CCE saving rate should be studied further. For example, assuming the CORESET configuration of 3 symbols in time and full system BW, the total PDCCH overhead is around 20%, thus a 20% CCE saving gain can only provide 4% additional resource for PDSCH scheduling, which does not seem to be very attractive. Thus, a large DCI compression rate should be targeted to provide an attractive DL throughput gain.  
On the other hand, the scheduling flexibility will be restricted if a large DCI compression rate is assumed, which would degrade the spectrum efficiency. 
[bookmark: _Ref48290459][bookmark: _GoBack]Observation 1. Compared with single DCI, a joint DCI scheduling two PDSCHs on two cells brings more than 36.09% CCE saving gain if the joint DCI size (excluding CRS) is less than 70% of the total size of two single DCI, but the gain becomes less significant if the joint DCI size is equal or larger than 80% of the total size of two single DCI.
[bookmark: _Ref48290460]Observation 2. Large DCI compression for joint DCI should be targeted in order to provide an attractive DL throughput gain. However, the scheduling flexibility will be restricted if a large DCI compression rate is assumed, which would degrade the spectrum efficiency.
[bookmark: _Ref48290563]Proposal 4. For joint DCI with DCI payload compression, study the trade-off between system capacity improvement due to CCE saving and the spectrum efficiency loss due to degraded scheduling flexibility.  
4. Potential issues
As shown in the above evaluation, DCI size compression is important to achieve resource saving and thus system throughput improvement. However, how to control the DCI payload size for joint scheduling of different TBs is a challenging task. On one side, in R15 and R16, most of the information fields in a DCI depend on the configurations of the scheduled cell, so an information field cannot be directly shared between the cells, especially if there is a big difference between the configurations of the two cells. An example is in Figure 2, CC#1 and CC#2 have different SCS, TDD configuration, and bandwidth, it would be hard for the two cells to share the same all fields. On the other side, if each functionality has two separate information fields for the cells in the DCI of joint scheduling, the DCI payload size, as well as the number of CCE consumed, may double, which does not reduce the PDCCH overhead overall and PDCCH detection reliability is also impacted. 


[bookmark: _Ref47640827]Figure 2. Example of single scheduling and joint scheduling
It is preferable not to share the fields that heavily depend on the configuration of the scheduled cell and the fields that directly affect the transmission mechanism such as MCS, because field sharing in this case may degrade the scheduling performance. For fields that do not depend on the scheduled cells, such as MIMO related information and PUCCH-related information that is mainly associated with PUCCH Pcell, can be considered to be shared between two cells. 
In the following table, we list some major information fields and provides a preliminary analysis of the field type. 
[bookmark: _Ref48244425]Table 4. DCI information field type
	Information field
	Separate field or shared field in joint DCI

	Identifier for DCI formats – 1 bit
	Shared field

	Carrier indicator – 0 or 3 bits
	Shared field

	Bandwidth part indicator – 0, 1 or 2 bits
	Shared field

	PRB bundling size indicator – 0 or 1 bit
	Separate field

	Rate matching indicator – 0, 1, or 2 bits
	Separate field

	ZP CSI-RS trigger – 0, 1, or 2 bits
	Separate field

	FDRA – 13 bits for 106 RB in 20MHz
	Separate field

	TDRA – 0, 1, 2, 3 or 4 bits
	Separate field

	Modulation and coding scheme – 5 bits
	Separate field

	New data indicator – 1 bit
	Separate field

	Redundancy version – 2 bits
	Separate fields

	HARQ process number – 4 bits
	Separate field

	VRB-to-PRB mapping – 1 bit
	Shared field

	Downlink assignment index – 0,2,4 bits
	Shared field

	TPC command for scheduled PUCCH – 2 bits
	Shared field

	PUCCH resource indicator – 3 bits
	Shared field

	PDSCH-to-HARQ feedback timing indicator – 3 bits
	Shared field

	Antenna port(s) – 4, 5, or 6 bits
	Separate field

	SRS request – 2, 3 bits
	Separate field

	DMRS sequence initialization – 1 bit.
	Separate field

	Transmission configuration indication – 0, 3 bits
	Separate field

	CBG transmission information (CBGTI) – 0 , 2, 4, 6, or 8 bits
	Separate field

	CBG flushing out information (CBGFI) – 0 ,1 bit
	Separate field

	CRC – 24 bits
	Shared field

	Single DCI size: 99bits (including CRC)
	Joint DCI size:155 bits (including CRC)


[bookmark: _Ref46841386]An example is shown above, the single DCI size is 99bits (including CRC) while the joint DCI based on Table 4 is 155 bits. In this case, the compression ratio of joint DCI is around 21.7% which means it is unlikely to achieve the CCE consumption gain according to our simulation. Thereby, some CC-dependent fields other than MIMO and PUCCH related fields should be further jointly coded for the scheduled carries to reduce DCI size.
[bookmark: _Ref48290599]Proposal 5. The number of bits required for joint DCI needs to be investigated to see if supporting joint scheduling brings performance gains.

In addition to the DCI size and field design mentioned above, the following issues need to be resolved as well.
· Configuration of cell pairs for joint scheduling
It is necessary to further to clarify that how to configure the cell pairs for joint scheduling and whether there are any restrictions on choosing cell pairs for joint scheduling.
· The framework of joint scheduling
In cross-carrier scheduling, UE is indicated by RRC IE CrossCarrierSchedulingConfig that the data on this cell is scheduled by PDCCH in its own cell (i.e. ‘own’ in schedulingCellInfo) or another cell (i.e. ‘other’ in schedulingCellInfo). Support of joint scheduling may require some changes to this framework.
· DCI format for joint scheduling 
If an existing DCI format such as DCI format 1_1 is used for joint scheduling purpose, then the DCI for single scheduling case should always perform zero-padding to keep alignment with the DCI size of the case where joint scheduling is enabled, which implies that a large number of redundant bits will be inserted into the DCI format even for single-cell scheduling. In this case, it not only leads to a higher DCI code rate but also leads to worse coverage and performance for single-cell scheduling. By contrast, introducing a new DCI format for joint scheduling can ensure a high degree of scheduling flexibility while avoiding negative impacts on the performance of the existing DCIs. However, it raises some other issues, such as how to maintain the DCI size budget.
· PDCCH/CCE BD budget maintenance for joint scheduling
In R15, the PDCCH/CCE BD budget is maintained for each scheduled cell. Since there are two scheduled cells in the joint scheduling case, it should be discussed how to maintain the PDCCH/CCE BD budget across the cell pair.
· HARQ-ACK reporting for joint scheduling
For each single TB on a PDSCH occasion involved in a HARQ-ACK codebook in R15, there is only 1 HARQ-ACK bit generated. However, if joint scheduling is supported, some enhancements for the HARQ-ACK codebook determination are needed.
[bookmark: _Ref46841390]Observation 3. To support joint scheduling, the following issues need to be resolved.
· DCI field design
· Any restrictions on the scheduled cells to be paired for joint scheduling
· Framework of joint scheduling
· Whether to introduce a new DCI format 
· PDCCH BD budget maintenance if joint scheduling is enabled
· HARQ-ACK codebook determination if joint scheduling is enabled
5. Conclusion
In this contribution, we discuss some issues on joint scheduling and have the following observation and proposals: 
Observation 1. Compared with single DCI, a joint DCI scheduling two PDSCHs on two cells brings more than 36.09% CCE saving gain if the joint DCI size (excluding CRS) is less than 70% of the total size of two single DCI, but the gain becomes less significant if the joint DCI size is equal or larger than 80% of the total size of two single DCI.
Observation 2. Large DCI compression for joint DCI should be targeted in order to provide an attractive DL throughput gain. However, the scheduling flexibility will be restricted if a large DCI compression rate is assumed, which would degrade the spectrum efficiency.
Observation 3. To support joint scheduling, the following issues need to be resolved.
· DCI field design
· Any restrictions on the scheduled cells to be paired for joint scheduling
· Framework of joint scheduling
· Whether to introduce a new DCI format 
· PDCCH BD budget maintenance if joint scheduling is enabled
· HARQ-ACK codebook determination if joint scheduling is enabled
Proposal 1. Joint scheduling should be studied in following scenarios
· Pcell jointly schedules two cells;
· A Scell jointly schedules Pcell and the Scell itself;
Proposal 2. The study focuses on the case that PDSCH jointly scheduled by a single DCI correspond to different TBs.
Proposal 3. Clarify whether PUSCH joint scheduling should be studied.
Proposal 4. For joint DCI with DCI payload compression, study the trade-off between system capacity improvement due to CCE saving and the spectrum efficiency loss due to degraded scheduling flexibility.
Proposal 5. The number of bits required for joint DCI needs to be investigated to see if supporting joint scheduling brings performance gains.
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Appendix
Table 5. LLS Simulation assumptions for PDCCH
	Parameters
	Values

	Carrier frequency
	2.6GHz

	Subcarrier spacing
	15kHz

	Simulation bandwidth/No. of PRBs
	20MHz/106 RB

	Link-level Channel model
	TDL-C

	TDL correlation level
	Low

	Delay Spread
	300ns

	UE speed
	3 km/h

	Antenna configuration at BS
	2T

	Antenna configuration at UE
	2R

	CORESET duration
	2

	CORESET RBs
	96

	Aggregation level
	1/2/4/8/16

	CCE-to-REG mapping
	interleaved

	REG bundle size
	6

	Interleaver size
	2

	Tx Diversity
	One port precoder cycling

	Target BLER
	1%

	Single DCI size and AL for baseline
	60+24 bits CRC, AL={1,2,4,8,16}

	Joint DCI size and AL
	72+24 bits CRC, AL={1,2,4,8,16}

	Joint DCI size and AL
	84+24 bits CRC, AL={1,2,4,8,16}

	Joint DCI size and AL
	96+24 bits CRC, AL={2,4,8,16}



Table 6. SLS Simulation assumptions
	Parameters
	Values

	Scenario
	Urban Macro

	BS Tx power
	46dBm for 20MHz

	Indoor UE Penetration Loss
	20% high loss, 80% low loss

	ISD
	500m

	TRxP antenna configurations
	 (M,N,P,Mg,Ng;Mp,Np)= (12,8,2,1,1;1,1)


	UE antenna configurations
	(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1; 1,2)
(dH, dV)=(0.5, N/A)λ

	BS antenna pattern
	Three-sector antenna

	UE antenna pattern
	omni

	BS antenna down-tilt
	90

	UE distribution
	80% indoor, 20% outdoor
Even distribution

	BS receiver noise figure
	5dB

	UE receiver noise figure
	7 dB

	noise
	-174 dBm/Hz

	UE density
	10 UE per TRxP

	Digital codebook
	SVD



[bookmark: _Ref48312961]Table 7. Wideband SNR CDF table
	Outage
[%]
	SNR
[dB]
	Outage
[%]
	SNR
[dB]
	Outage
[%]
	SNR
[dB]
	Outage
[%]
	SNR
[dB]
	Outage
[%]
	SNR
[dB]

	0
	-4.4
	20
	14.25
	40
	20.11
	60
	25.57
	80
	32.39

	1
	1.19
	21
	14.55
	41
	20.32
	61
	25.93
	81
	33.01

	2
	2.9
	22
	14.76
	42
	20.57
	62
	26.13
	82
	33.58

	3
	4.62
	23
	15.1
	43
	20.86
	63
	26.4
	83
	34.01

	4
	5.62
	24
	15.38
	44
	21.18
	64
	26.79
	84
	34.56

	5
	6.74
	25
	15.72
	45
	21.4
	65
	27.2
	85
	35.23

	6
	7.61
	26
	16.07
	46
	21.68
	66
	27.48
	86
	35.73

	7
	8.38
	27
	16.44
	47
	21.95
	67
	27.84
	87
	36.47

	8
	9.06
	28
	16.73
	48
	22.33
	68
	28.2
	88
	36.93

	9
	9.68
	29
	16.94
	49
	22.61
	69
	28.45
	89
	37.31

	10
	10.16
	30
	17.25
	50
	22.93
	70
	28.74
	90
	38.11

	11
	10.53
	31
	17.58
	51
	23.16
	71
	29.09
	91
	39.14

	12
	11.15
	32
	17.85
	52
	23.35
	72
	29.36
	92
	40.06

	13
	11.48
	33
	18.09
	53
	23.66
	73
	29.71
	93
	40.78

	14
	11.99
	34
	18.35
	54
	23.83
	74
	29.99
	94
	41.52

	15
	12.4
	35
	18.6
	55
	24.08
	75
	30.28
	95
	42.68

	16
	12.71
	36
	18.87
	56
	24.33
	76
	30.66
	96
	43.9

	17
	13.16
	37
	19.23
	57
	24.68
	77
	31.15
	97
	45.4

	18
	13.55
	38
	19.54
	58
	24.92
	78
	31.54
	98
	46.82

	19
	13.85
	39
	19.79
	59
	25.18
	79
	32.06
	99
	49.64

	
	
	
	
	
	
	
	
	100
	61.53
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