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Introduction
At the RAN1 AH-1901 meeting the following conclusions were achieved as guidance to the further work of cross-carrier scheduling with different numerologies [1],

Conclusion:
All the following 4 cases can be considered further, while there was yet no consensus if all the cases will be eventually specified. To be discussed further after work on solutions has progressed.
1. Support scheduling cell of lower SCS and scheduled cell of higher SCS downlink
2. Support scheduling cell of lower SCS and scheduled cell of higher SCS uplink
3. Support scheduling cell of higher SCS and scheduled cell of lower SCS downlink
4. Support scheduling cell of higher SCS and scheduled cell of lower SCS uplink

Conclusion:
Study further at least the following:
· Determine the first possible PDSCH starting point based on the timing of the last or first symbol of the scheduling PDCCH.
· Both Type A and Type B PDSCH allocation should be considered
· Consider a possibility for introducing a single solution for Type A and Type B PDSCH allocation
· PDCCH position cases 1-1, 1-2 and 2 should all be considered

In this contribution we provide our views on the above open issues. Furthermore, we also give some analyses and discussions on the aspects captured in [2].
Discussion 
Timing for cross-carrier scheduling with mixed numerology
In case scheduling cell has lower SCS and scheduled cell has larger SCS, the timing between DL assignment and data channel should be carefully determined as different time duration of an individual symbol can be observed on scheduling cell and scheduled cell.
Per the current specification, the starting position of a PDSCH within a slot is determined by PDSCH transmission type (i.e. type A or type B) and the location of PDCCH monitoring occasion. In order to get a whole picture of the starting symbol position for PDSCH under different conditions, we give a summary in the following table-1. 
Table 1: the starting symbol of PDSCH under different conditions
	PDCCH case
Starting 
symbol
PDSCH type
	PDCCH monitoring occasion case 1-1
	PDCCH monitoring occasion case 1-2
	PDCCH monitoring occasion case 2

	Type A
	{0 1 2 3}1
	Not supported
	Only possible when PDCCH is transmitted within the first 2 or 3 symbols in a slot2

	Type B
	{0 1 2 3 4 5 6 7 8 9 10 11 12}
	Not earlier than the first symbol of PDCCH
	Not earlier than the first symbol of PDCCH


Note1: 3 is only possible when the DMRS is located on the third symbol within a slot
Note2: whether PDCCH is transmitted within the first 2 or 3 symbols depends on the DMRS location indicated by MIB

In case scheduling cell has lower SCS and scheduled cell has higher SCS, the PDSCH could start earlier than the first symbol of the scheduling PDCCH as one symbol on scheduling cell covers several consecutive symbols on the scheduled cell. Assuming type B PDSCH is applied and PDCCH is transmitted on the 4th and 5th symbol of the scheduling cell, where scheduling cell has a SCS=15kHz and scheduled cell has a SCS=60kHz. Assuming the timing between PDCCH and PDSCH carried by DCI is K0=0, S=5 and L=4. Depending on current specification, the PDSCH on scheduling cell should be transmitted in slot #0 on scheduled cell. The PDSCH starts much earlier than PDCCH. Especially, a PDSCH on a cell with higher SCS may be scheduled within the slot much earlier than the one on which PDCCH is transmitted on the scheduling cell due to the K0 determination, i.e. .
First of all, we don’t see the necessity to schedule a PDSCH occurs earlier than the scheduling PDCCH on scheduling cell. It requires UE to buffer data from the very beginning of the boundary of a slot on the scheduling cell, which leads to more than one slot on the scheduled cell. Consequently, it requires a large buffer capacity on the UE side. Furthermore, additional latency is inevitable because of a later transmitted PDCCH. Instead, gNB could configure denser PDCCH monitoring occasions and schedule PDSCH with the closest PDCCH prior to PDSCH allocation.
Proposal 1: PDSCH should at least not start earlier than the first symbols of the scheduling PDCCH.


Figure 2: Example of scheduling timing in case scheduling cell has a smaller SCS

As mentioned above, K0 determination significantly impacts the timing between PDCCH and PDSCH. One may argue that this issue could be handled by proper configuration, e.g., configure a TDRA table contains different K0 values. Considering the above figure, K0 could be always 0 on CC#1 while K0 is configured as {0 1 2 3} on CC#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 and L=4. 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 for PDSCH transmitted on CC#2 is 
The illustration on the different timing determination based on the same indicated K0 is shown in the following figure.
Proposal 2: K0 on the scheduled cell should be reinterpreted based on the starting symbol of PDCCH, the numerology of both scheduling cell and scheduled cell.


Figure 3: Example of scheduling timing based on a new interpretation of K0
As discussed in [2], [4], if the SCS of the scheduling CC is smaller than the SCS of the scheduled CC, UE needs to buffer more data for cross-carrier scheduling than self-carrier scheduling. This is because the UE does not know the PDSCH allocation until PDCCH processing is completed.
Assuming a PDCCH processing time of X symbols and a CORESET of Y symbols, the UE needs to buffer X+Y symbols for self-scheduling. An example is shown in Figure 1(a) for self-scheduling on a 60 KHz CC, where X=6 and Y=3. In contrast, if the scheduling CC’s SCS is 15kHz and the scheduled CC’s SCS is 60kHz, the UE needs to buffer 4*(X+Y) symbols on the scheduled cell for cross-carrier scheduling. In the example of Figure 1(b), X=2, Y=3 on the scheduling CC resulting in 20 symbols being buffered on the scheduled CC, which is more than 1 slot of received data.


(a) self-carrier scheduling


(b) cross-carrier scheduling

Figure 4: Increased buffer size for cross-carrier scheduling with mixed numerology
Therefore, the buffer size may be a limiting factor for cross-scheduling with different numerologies as some UEs may not have sufficient memory to buffer all the PDSCH symbols before successfully decoding PDCCH. We should consider how to resolve the issue for UEs does not have enough buffer size. Two options to resolve this issue are as follows:
· Option 1: Restrict the minimum value of K0. For instance, K0 > 0 would allow the UE to decode the PDCCH and determine the resource allocation without buffering received symbols on the carrier with higher numerology.
· Option 2: Restrict the starting symbol of the scheduled PDSCH to be no earlier than the first symbol after the corresponding PDCCH 
Option 2 imposes less scheduling restrictions and lower scheduling latency compared to Option 1. Hence, option 2 is preferred for UEs not able to buffer all the PDSCH symbols before successfully decoding PDCCH. 
Furthermore, UE can report the UE capability with UE maximum buffer size to the gNB, gNB determine whether the UE can buffer all the PDSCH symbols before successfully decoding PDCCH. If the SCS of the scheduling CC is smaller than the SCS of the scheduled CC and if the UE buffer size is limited, the UE is not expected to receive a scheduled PDSCH starting earlier than the first symbol after the corresponding PDCCH.
Proposal 3: For a UE with limited buffer size, the UE is not expected to receive a scheduled PDSCH with starting symbol before the first symbol following the corresponding PDCCH if the SCS of the scheduling CC is smaller than the SCS of the scheduled CC.
Downlink scheduling for cross-carrier scheduling with mixed numerology
BD/CCE limitation for each scheduled cell
In case of cross-carrier scheduling with different numerologies, the total number of BDs/CCEs for scheduling cells should be carefully determined as it significantly impacts scheduling flexibility and UE complexity. As either the scheduling cell or scheduled cell can have a larger SCS, we firstly discuss which numerology we should follow when calculating the number of BDs/CCEs for a scheduled cell.

· Scheduling cell has a larger SCS than scheduled cell
Assuming a scheduling cell has a SCS=30 kHz and a scheduled cell has a SCS=15 kHz. The number of BDs/CCEs for scheduled cell can be either determined by scheduling cell or scheduled cell. For example, if we use the scheduling cell SCS as a reference, the number of BDs/CCEs on the scheduling cell per slot duration of the scheduled cell would be 36*2 = 72 BDs and 56*2 = 112 CCEs respectively. However, considering self- scheduling at 15 kHz, there are at most 44 BDs within the 1ms slot duration. Therefore, providing more than 44 BDs on a scheduling cell in the case of cross-carrier scheduling is not necessary. Hence we think in this case the number of BDs and CCEs for scheduling PDSCH/PUSCH on a scheduled cell should be determined by the numerology of scheduled cell. 
As one slot on scheduled cell covers two multiple slots on the scheduling cell, the BDs/CCEs could be allotted to a single slot or be partitioned across the slots on the scheduling cell. An example is shown in Figure 2. It should be noticed that the total number of BDs/CCEs related to scheduled cell within a slot on the scheduled cell should follow the non-CA limit related to the numerology. Under this restriction, either case 1 or case 2 works and depends on network configuration. 


Figure 5: Example for cross-carrier scheduling with larger scheduling SCS

· Scheduling cell has a smaller SCS than scheduled cell
In this case, a slot on the scheduling cell covers several consecutive slots on the scheduled cell. If the number of BDs/CCEs related to the scheduled cell is determined by the numerology of scheduling cell, both the number of BDs and CCEs become a bottleneck. An example is shown in the Figure 3, where a 15 kHz cell schedules a 60 kHz cell. This means 4 consecutive slots on a scheduled cell are scheduled by PDCCH monitoring occasions in a single slot of the scheduling cell. If the BDs/CCEs are determined by the scheduling cell, there would be 44 BDs and 56 CCEs within 1 ms period resulting in only 11 BDs and 14 CCEs for each slot on scheduled cell on average. This will significantly increase the blocking probability. Particularly, a nominal number of 14 CCEs for each slot results in a largest AL which equals to 8. Considering use higher AL is an essential mechanism to guarantee reliability in case of channel condition turns bad, this assumption introduces significant restriction on scheduling. 

 
Figure 6: Example for cross-carrier scheduling with smaller scheduling SCS

Therefore, to avoid such scheduling restrictions the number of BDs/CCEs should be determined by the numerology of scheduled cell. In the above example, the number of BDs and CCEs related to scheduled cell is 22*4=88 BDs and 48*4=192 CCEs within a slot of the scheduling cell. It depends on network configuration how to distribute these BDs/CCEs to the monitoring occasions on the scheduling cell. One way is to allot all the BDs/CCEs to a single monitoring occasion located at the start of a slot on the scheduling cell. However, it may increase the blocking probability and scheduling latency. Another way is to distribute the BDs/CCEs related to scheduled cell on several monitoring occasions on the scheduling cell and depends on gNB how to allot the BDs/CCEs among monitoring occasions. As shown in Figure 4, one slot on the scheduling cell covers 4 slots on the scheduled cell, gNB can configure multiple monitoring occasions, e.g. 4 or 2, and assign the total BD/CCEs throughout these monitoring occasions. 

 
Figure 7: BD/CCEs related to scheduled cell distribution on scheduling cell

One concern is the processing time on the scheduling cell cannot be met as more BDs/CCEs are configured within one slot compared to single carrier scheduling. Actually we faced the same issue for cross-carrier scheduling with same numerology and achieved the following agreements at RAN1#94bis:
Agreements:
· For cross-carrier scheduling with the same numerology between scheduling cell and scheduled cell(s) but different numerologies between scheduling cell(s), and the number of DL-CCs is up to 4 or with up to T DL-CCs where the UE reports BD capability of y >= T, the limit of BDs/CCEs per scheduling CC per slot is (the number of CCs schedulable by the scheduling CC) x (the limit of BDs/CCEs for non-CA case)
· For cross-carrier scheduling with the same numerology between scheduling cell and scheduled cell(s) but different numerologies between scheduling cell(s), and the number of DL-CCs is more than 4 and with up to T DL-CCs where the UE reports BD capability of y < T, the limit of BDs/CCEs per numerology per slot is Floor{Xi / (X0 + X1 + X2 + X3) * (Mi or Ni) * y)}, where;
· Xi (i=0, 1, 2, 3) denotes the number of DL-CCs per numerology i
· Mi and Ni denote the number of BDs and CCEs per slot specified for non-CA case for numerology i, respectively
Per the above agreements, the total number of BD/CCEs is linearly increased with a scaling factor, i.e. the number of configured cell if T<4 or T<=y and the number of reported UE capability y if T>4 and y<T. An example is shown in Figure 5 wherein we assume there are 6 configured serving cells and the UE reports a capability of y=5. For cross-carrier scheduling with same numerology, the total number of BDs/CCEs across all the configured cells can be calculated based on the formula given by the above agreement, i.e. UE needs to monitor 120*2+73=314 BDs and 186*2+93=465 CCEs per 1 ms. For cross-carrier scheduling with mixed numerologies (assuming the scheduling cell has a SCS=15kHz),  the total number of BDs/CCEs on the scheduling cell can be calculated as Floor(4/6*36*5*2)+Floor(2/6*44*5)=314BDs and Floor(4/6*56*5*2)+Floor(2/6*56*5)=465CCEs per 1ms. It can be observed that the total number of BDs/CCEs a UE needs to handle within a certain time duration is same for cross-carrier scheduling with same numerology and cross-carrier scheduling with mixed numerology.


Figure 8: Comparison for cross-carrier scheduling between same numerology and mixed numerology
Table2: BD/CCE calculation for cross-carrier scheduling with same or different SCS within 1 ms
	
	Cross-carrier scheduling with same SCS(within 1 ms)
	Cross-carrier scheduling with mixed SCS(within 1 ms)

	CC set with SCS=30 kHz
	Floor(4/6*56*5)*2=372 CCEs
Floor(4/6*36*5)*2=240 BDs
	Floor(4/6*56*5*2) =372 CCEs
Floor(4/6*36*5*2) =240 BDs

	CC set with SCS=15 kHz
	Floor(2/6*56*5) =93 CCEs
Floor(2/6*44*5) =73 BDs
	Floor(2/6*56*5) =93 CCEs
Floor(2/6*44*5) =73 BDs

	Total number of BD/CCEs within 1 ms across all CCs
	314 BDs and 465 CCEs
	314 BDs and 465 CCEs



Observation: For cross-carrier scheduling with mixed numerology, the total number of BDs/CCEs within a slot determined by the smallest SCS among all the serving cells is same as that of cross-carrier scheduling with same numerology, if it is determined by the scheduled cell.

Based on the aforementioned mechanism, we further give the calculation procedure for BD/CCEs on scheduling cell in the following two cases.
· Case1: The number of configured serving cell T<=4 or T<y
Based on the aforementioned analyses, the maximum number of BDs/CCEs on a scheduling cell corresponding to a scheduled cell should be determined by the scheduled cell within a slot determined by its SCS. Consequently, the total number of BDs/CCEs on the scheduling cell should be calculated based on the number of configured CCs and their corresponding numerology obtained by the above procedure. 
As shown in Figure 6, assuming two scheduled cells with 15 kHz and 60 kHz SCS respectively are scheduled by a cell with 30 kHz SCS.  The BDs related to CC#1 should take 15 kHz as a reference, i.e. 44 per 1 ms. As one slot on CC#1 covers two consecutive slots on CC#2, the number 44 could be split into two parts equally for each slot on the scheduling CC or the 44 BDs can be configured for the first slot of every two slots on CC#2, depending on configuration. In the following example, the total number of BDs on the scheduling cell within a slot determined by the smaller SCS, i.e. 1ms, should be 22*4+36*2+44 = 204. Similarly, the total number of non-overlapped CCEs on the scheduling cell within a slot should be 48*4+56*2+56=360


Figure 9: example to determine the maximum number of BD for each scheduled cell in case T<=4 or the T<=y

· Case2: The number of configured serving cell T>4 and T>y
The same method for case1can be applied to this scenario. For example, there are 5 configured serving cells and the reporting UE capability is 4, as shown in Figure 7. Assuming CC#3 is the scheduling cell and the other four are scheduled cells. We can still use the current already agreed formula to calculate the number of BD/CCEs per numerology within a slot on the scheduling cell. The total number of BD/CCEs within a slot related to the smallest SCS among serving cells should be the summation of different numerologies. Hence, it should be calculated via equation  with taking  into account. In this example, X0=1 and X1=2 and X2=2 and X3=0. The total number of BD and CCE on CC#3 within a slot determined by the smallest SCS among serving cells, i.e. 15kHz, should be floor(1/5*44*4)+ floor(2/5*36*4)*2 + floor(2/5*22*4)*4 = 35+57*2+35*4=289 and floor(1/5*56*4)+ floor(2/5*56*4)*2+ floor(2/5*48*4)*4 =44+89*2+76*4=526 per 1ms respectively.


Figure 10: example to determine the maximum number of BD for each scheduled cell in case T>4 and T>y

Proposal 4: The number of BDs/CCEs for each scheduled cell should be determined by the numerology related to scheduled cell.
Proposal 5: The total number of BDs/CCEs on scheduling cell should be calculated within a slot determined by the smallest SCS among all the configured cells. It depends on gNB to distribute the total number of BDs/CCEs among monitoring occasions on the scheduling cell.

Multi-slot scheduling with a different TB per slot
From the above analyses, the total number of BDs/CCEs related to a scheduled cell could be determined via the SCS of the scheduled cell. As identified in [2], 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.
Table3: 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 6: 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.
Table4: 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 7: 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 issues related to cross carrier scheduling with mixed numerology. We have the following observation and proposals:
Observation: For cross-carrier scheduling with mixed numerology, the total number of BD/CCEs within a slot determined by the smallest SCS among all the serving cells is same as that of cross-carrier scheduling with same numerology, if it is determined by the scheduled cell.

Proposal 1: PDSCH should at least not start earlier than the first symbols of the scheduling PDCCH.
Proposal 2: K0 on the scheduled cell should be reinterpreted based on the starting symbol of PDCCH, the numerology of both scheduling cell and scheduled cell.
Proposal 3: For a UE with limited buffer size, the UE is not expected to receive a scheduled PDSCH with starting symbol before the first symbol following the corresponding PDCCH if the SCS of the scheduling CC is smaller than the SCS of the scheduled CC.
Proposal 4: The number of BD/CCE for each scheduled cell should be determined by the numerology related to scheduled cell.
Proposal 5: The total number of BDs/CCEs on scheduling cell should be calculated within a slot determined by the smallest SCS among all the configured cells. It depends on gNB to distribute the total number of BDs/CCEs among monitoring occasions on the scheduling cell.
Proposal 6: 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 7: 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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