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Introduction
At the RAN1#96 meeting the following agreements were achieved [1],
Agreements:
· At least for the case of lower SCS PDCCH scheduling a higher SCS PDSCH the earliest possible starting point for the PDSCH is defined by the end of the PDCCH + 
·  >0. Detailed value(s) FFS
· FFS other factor(s) impacting 

Agreements:
· The limit of BDs/CCEs (per slot in the scheduling CC) for the scheduled CC is determined based on the numerology of the scheduling CC.
· Change the definition of NcellsDL, to “the number of configured DL-CCs whose scheduling cell is with active DL BWP having SCS configuration ” as in Section 10.1 of 38.213

Per the above agreements, in order to reduce the requirement on UE buffer for the case of lower SCS PDCCH scheduling a higher SCS PDSCH, the earliest possible starting point for the PDSCH should be later than the end of the PDCCH, wherein the offset  is still FFS. In this contribution, we provide our analyses on the determination of . Additionally, we also provide our views on how to determine K0 and whether to support multi-slot scheduling with a single DCI.
Discussion 
Timing for cross-carrier scheduling with mixed numerology
In case scheduling cell with lower SCS and scheduled cell with larger SCS, one concern is the required UE buffer may be much larger than that required for self-scheduling. Per the achieved agreements at the last meeting, the earliest possible starting point for PDSCH on the scheduled cell with higher SCS should not earlier than the end of scheduling PDCCH+ . It should be noted that  determining the minimum timing between PDCCH and PDSCH is naturally based on the numerology of PDSCH. 
The value  is surely relevant to whether a UE supporting cross-carrier scheduling with mixed numerology need to have a larger buffer comparing to self-carrier scheduling. Hence we should first have a clear picture on what size of buffer is already supported for self-carrier scheduling as a reference. Subsequently, we can further discuss how to determine  based on whether or not to increase UE buffer in different scheduling scenarios. Generally speaking, the required buffer size depends on how many potential physical resources on which UE’s data is transmitted. The buffered resources should be considered in both time domain and frequency domain.
· Maximum OFDM symbols UE need to buffer: One straightforward method is to use the Tproc defined in [2] to determine the maximum OFDM symbols. However, Tproc consists of PDCCH processing time and PDSCH processing time which means it is not suitable to use Tproc directly. Hence, we should first determine the maximum processing time for PDCCH.
· Maximum RB numbers UE need to buffer: The PDCCH processing time only determines the maximum OFDM symbols a UE need to buffer. However, the frequency resources also impact the required buffer size significantly. The maximum bandwidth for different numerology and frequency range are different, which is shown in the following table 1 and table 2.[3][4] If the supported maximum RB is taken into account, the required buffer in case smaller SCS scheduling larger SCS may not be necessarily increased even if the gap between PDCCH and PDSCH is small. 
[bookmark: _Hlk497144372][bookmark: _Hlk505013260]Table 1: Maximum transmission bandwidth configuration NRB
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	90 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	160
	216
	270
	N/A
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	78
	106
	133
	162
	217
	245
	273

	60
	N/A
	11
	18
	24
	31
	38
	51
	65
	79
	107
	121
	135


Table 2: Maximum transmission bandwidth configuration NRB
	SCS (kHz)
	50 MHz
	100 MHz
	200 MHz
	400 MHz

	
	NRB
	NRB
	NRB
	NRB

	60
	66
	132
	264
	N.A

	120
	32
	66
	132
	264



In [5], cross-slot scheduling is discussed to give a chance for a UE to switch to micro sleep after PDCCH reception, wherein all schedulable TDRA values have K0>=x where x>0. The basic assumption is that at least one slot is needed for PDCCH reception. In our analyses, we reuse this assumption as a starting point, i.e. UE needs to buffer 14 OFDM symbols for self-scheduling, and give our views on the minimum gap between PDCCH and PDSCH.
In figure 1-3, we give the illustration on required buffer comparison between self-scheduling and cross-carrier scheduling in FR 1 for different numerology combinations respectively, wherein both maximum OFDM symbols and maximum RBs are taken into account. For 15kHz scheduling cell and 30kHz scheduled cell case, considering the supported maximum RB number of these two numerologies is almost same, if the buffering starts from the starting symbol of PDCCH as self-scheduling, the UE buffer need to be doubled. On the other hand, the same buffer could be achieved if K0=1. Similarly, for 15kHz scheduling cell and 60kHz scheduled cell case, K0=2 could be used to avoid introducing a larger buffer. However, for 30kHz scheduling cell and 60kHz scheduled cell case, as the supported maximum RB with 30 kHz is twice that of 60kHz, the required buffer is not increased although the buffered OFDM symbols is doubled. For FR2, the similar consideration is conducted. In table 3, we provide the required buffer for different cases on the perspective of RB and OFDM symbols. Furthermore, the scheduling timing between PDCCH and PDSCH is also given targeting not extend the reference UE buffer.


Figure1: Required buffer comparison between self-scheduling and cross-carrier scheduling in FR1 (scheduling cell with 15kHz and scheduled cell with 30kHz)


Figure2: Required buffer comparison between self-scheduling and cross-carrier scheduling in FR1 (scheduling cell with 15kHz and scheduled cell with 60kHz)



Figure3: Required buffer comparison between self-scheduling and cross-carrier scheduling in FR1 (scheduling cell with 30kHz and scheduled cell with 60kHz)

Table 3: Example of minimum K0 aiming at keeping same buffer size as self-scheduling for PDCCH monitoring case 1-11
	Reference buffer size
	Cross-carrier scheduling with mixed numerology
	Number of OS UE needs to skip buffering in order to maintain the same buffer as reference
	Minimum timing between PDCCH and PDSCH in terms of slot

	15kHz->15kHz:
14OS*270RB
	15kHz->30kHz:28OS*273RB
	14 OS
	K0 = 1

	
	15kHz->60kHz(FR1):56OS*135RB
	28 OS
	K0 = 2

	
	15kHz->60kHz(FR2):56OS*264RB
	42 OS
	K0 = 3

	
	15kHz->120kHz(FR2):112OS*264RB
	98 OS
	K0 = 7

	30kHz->30kHz
14OS*273RB
	30kHz->60kHz(FR1):28OS*135RB
	0
	K0=0

	
	30kHz->60kHz(FR2):28OS*264RB
	14 OS
	K0=1

	
	30kHz->120kHz(FR2):56OS*264RB
	42 OS
	K0=3

	60kHz(FR2)->60kHz(FR2)
14OS*264RB
	60kHz(FR1)->120kHz(FR2):28OS*264OS
	14 OS
	K0=1

	
	60kHz(FR2)->120kHz(FR2):28OS*264OS
	14 OS
	K0=1


Note 1: this table based on the assumption one slot is needed for PDCCH reception. Different assumption will results in different K0 values.

Observation: In case scheduling cell with smaller SCS and scheduled cell with larger SCS, the required buffer not only depends on the PDCCH processing time but also the maximum bandwidth of the scheduled cell.
Proposal 1: Both PDCCH processing time and maximum bandwidth for the scheduled cell (corresponding to numerology and frequency range) should be considered when determine the parameter .

[bookmark: _GoBack]Currently, the slot index on the scheduled cell transmitting PDSCH for a UE is determined by . For PDCCH monitoring case-2 wherein PDCCH could be transmitted on any symbol in a slot, K0 should be carefully determined as the required K0 is different depending on the time location where PDCCH is transmitted. One example is shown in figure 4. Assuming a 15 kHz cell schedules a 60 kHz cell and with the restriction that minimum K0 should not smaller than 2. For the TDRA table on CC#0, only K0=2 is configured in order to satisfy the schedule timing requirement. Four MOs are configured on the scheduling cell. As shown in the following figure, the DL assignment carried by each PDCCH will all point to slot#2 on scheduled cell, which is obviously contradictory to the initial purpose that PDSCH should starts much later than PDCCH.


Figure 4: Example of scheduling timing based on a current interpretation of K0
One may argue that this issue could be handled by proper configuration, e.g., configure a TDRA table contains different K0 values. Considering the following figure, K0 could be always 0 on CC#1 while K0 has to be configured as {2 3 4 5} on CC#2 if the K0 is assumed not smaller than 2. However, the scheduling flexibility within each slot on scheduled cell will be restricted as the available TDRA combinations are reduced. Another possible solution is to reinterpret the K0 based on the starting symbol of the scheduling PDCCH and the numerology of both scheduled cell and scheduling cell. One example is shown in the following figure, wherein scheduling cell has a SCS=15kHz and scheduled cell has a SCS=60kHz, the time domain resource allocation carried by DCI is (K0=0, S=5, L=4) and (K0=2, S=5, L=4) respectively. The actual K0 is calculated as: . Consequently, we can get the actual K0 for PDSCH transmitted on CC#1 and CC#2 as following respectively:
· K0 for PDSCH transmitted on CC#1 is 
· K0 related to PDCCH MO#1 for PDSCH transmitted on CC#2 is 
· K0 related to PDCCH MO#2 for PDSCH transmitted on CC#2 is 
· K0 related to PDCCH MO#3 for PDSCH transmitted on CC#2 is 
· K0 related to PDCCH MO#3 for PDSCH transmitted on CC#2 is 
The illustration on the different timing determination based on the same indicated K0 is shown in figure 4.
Proposal 2: K0 determination on the scheduled cell with larger SCS should take into account the PDCCH monitoring occasion on the scheduling cell with smaller SCS.


Figure 5: Example of scheduling timing based on a new interpretation of K0

Multi-slot scheduling with a different TB per slot
As identified in [6], there are two possible solutions targeting the case of scheduling cell with lower SCS and scheduled cell with higher SCS:
· Alt.1: Increased capabilities for number of valid unicast PDCCH in single monitoring occasion for UE supporting cross-carrier scheduling
· Alt.2: Multi-slot scheduling with different TB per slot 
One possible issue for Alt.1 is the available resources on the scheduling cell may be a restricting factor because the large number of CCEs related to scheduled cell may increase the blocking probability on the scheduling cell if the scheduling cell is configured with a small BWP. For example, on a 15 kHz scheduling cell it needs to transmit 4 separate DCIs to schedule data in each slot on a 60 kHz scheduled cell.
In order to reduce the blockage, one way is to use a single DCI on the scheduling cell to schedule multiple slots on the scheduled cell. The required number of DCIs could be significantly reduced compared to separate DCI scheduling. In Table 3, we give the required number of PDCCH candidates and CCEs assuming an AL8 PDCCH candidate for two cases, i.e. using single DCI to schedule multiple slots and using separate DCI to schedule each slot. In this example, we assume a single DCI could schedule 4 PDSCH throughout different slots. Consequently, at most 8 CCEs are enough for all the slots on the scheduled cell. The overhead of PDCCH can be reduced significantly.
Table4: required number of DCI for single DCI and separate DCI scheduling
	Scheduling Case
	Single DCI schedules multiple slot
	Separate DCI schedules each slot

	Required PDCCH candidates
	1
	4

	Required CCEs assuming AL=8
	8
	4*8=32


One argument is proper configuration for PDCCH can be sufficient targeting to this case. If several PDCCH monitoring occasion is configured on the scheduling cell, it is true that we don’t need to increase capabilities for number of valid unicast PDCCH in single monitoring occasion for UE supporting cross-carrier scheduling. However, as analyzed in table 3, the required PDCCH candidates is still a problem and results in a higher blocking probability compared to multi-slot scheduling method.

Proposal 3: In case scheduling cell has a smaller SCS than that of scheduled cell, using a single DCI on scheduling cell to schedule data transmission throughout slots on scheduled cell.

For one-to-many scheduling, at least the following two different methods could be considered:
· Option 1: defining separate bit fields for each slot scheduling, which means we have to enlarging the DCI payload size. For example, add separate FDRA, TDRA, HARQ ID bit fields for each slot. 
· Option 2: configured scheduling information + per slot bit field. High layer configures a set of scheduling information combinations for a UE. Define a new DCI format which includes several bit fields corresponding to different slot. For example, the first bit field corresponds to slot#0, the second corresponds to slot #1, etc. For each individual bit field, it carries an index which points to a set of scheduling information configured by the higher layer.
Table5: comparison between Option 1 and Option 2
	
	Pros
	Cons

	Option 1
	full scheduling flexibility;
	Increase the payload size significantly which jeopardizes PDCCH transmission performance under a certain AL;
Break the current DCI size budget;

	Option 2
	sufficient scheduling flexibility;
Don’t introduce new DCI size
	Less flexibility than option 1



Proposal 4: The payload size of the new DCI format should be same as one of the current DCI format. Further study the new DCI format content, e.g. contains per-slot scheduling bit fields which indicate an index of a scheduling information combination configured by high layer.
Conclusion
In this paper, we discussed some remaining issues related to cross carrier scheduling with mixed numerology. We have the following observation and proposals:
Observation: In case scheduling cell with smaller SCS and scheduled cell with larger SCS, the required buffer not only depends on the PDCCH processing time but also the maximum bandwidth of the scheduled cell.
Proposal 1: Both PDCCH processing time and maximum bandwidth for the scheduled cell (corresponding to numerology and frequency range) should be considered when determine the parameter .
Proposal 2: K0 determination on the scheduled cell with larger SCS should take the PDCCH monitoring occasion on the scheduling cell with smaller SCS into account.
Proposal 3: In case scheduling cell has a smaller SCS than that of scheduled cell, using a single DCI on scheduling cell to schedule data transmission throughout slots on scheduled cell.
Proposal 4: The payload size of the new DCI format should be same as one of the current DCI format. Further study the new DCI format content, e.g. contains per-slot scheduling bit fields which indicate an index of a scheduling information combination configured by high layer.
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