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Background
In previous RAN1 meetings, several major agreements and conclusions were made for Rel. 16 cross-carrier scheduling with different numerologies. In this contribution, we continue to discuss the remaining issues on this topic for the following aspects
· PDSCH Beam Switch Latency in Cross-Carrier Scheduling
· PDCCH-to-PDSCH Delay for Cross-Carrier Scheduling
· Scheduling Multiple TBs from One Slot 
· PDSCH QCL Determination
· Cross-Carrier Scheduling UE Capabilities
Discussion
[bookmark: _Hlk17215851]PDSCH Beam Switch Latency in Cross-Carrier Scheduling
[bookmark: _Hlk16852623]In Rel. 15, the UE is not expected to handle the case that PDCCH-to-PDSCH delay is smaller than the beam switch timing threshold or TCI information is absent from the scheduling DCI. In RAN1 #97, the following agreements were made to enhance the feature for Rel. 16 where PDCCH-to-PDSCH delay can be smaller than the beam switch timing threshold or the TCI information can be absent from the scheduling DCI. 
	Agreements:
· timeDurationForQCL threshold is determined based on the numerology of the scheduled cells.
Agreements:
When PDSCH and its scheduling PDCCH are in the different CCs, if the PDCCH-to-PDSCH delay < Threshold-Sched-Offset timeDurationForQCL or if the TCI information is absent from the DCI, the UE obtains its QCL assumption for the scheduled PDSCH from the activated TCI state with the lowest ID applicable to PDSCH in the active BWP of the scheduled cell



To perform a beam switch based on the TCI state from the scheduling PDCCH, the UE needs to first process the PDCCH and then tune RF to the new beam. Therefore, when a UE reports its beam switch timing threshold capability, it should take both PDCCH processing time and beam switch time into account. In other words, the beam switch timing threshold based on TCI state indicated by PDCCH should cover both the minimum time for the UE to process PDCCH and the minimum time for the UE to tune RF.
For cross-carrier scheduling with different numerologies, the minimum PDCCH-to-PDSCH delay is defined to account for the extra PDCCH processing time due to the numerology difference. According to the following agreements from RAN1 #97, for example, if SCS of the scheduling cell is 15 kHz, the UE should have the DCI ready in 4 symbols of 15 kHz SCS after the last symbol of the PDCCH. Otherwise, the UE needs to buffer extra samples for PDSCH reception than cross-carrier scheduling with same numerology. 
	Agreements:
· Delta-values for lower SCS PDCCH to higher SCS PDSCH case 1-1 scheduling 
· 15 kHz: 4 symbols
· 30 kHz: 4 symbols
· 60 kHz: 8 symbols
· Case 1-2: use the same delta as the case 1-1 scheduling
· With the quantization step
· Case 2:
· Use the same delta values as the case 1-1 scheduling INCLUDING the quantization step
 Agreements:
· For the case of higher SCS PDCCH scheduling lower SCS PDSCH, for the scheduling timing, use the same definition as with lower SCS PDCCH scheduling higher SCS PDSCH scheduling, without quantization to the next PDSCH slot
 Agreements:
· For high-SCS to low-SCS scheduling, the delta for 120 kHz SCS PDCCH: [12] symbols



Because the beam switch timing threshold covers both the minimum PDCCH processing time and the minimum RF tuning time, it should be larger than the minimum PDCCH processing time for cross-carrier scheduling with different numerologies, which can be expressed as:
PDCCH processing time for same cell scheduling based on PDSCH SCS + minimum extra PDCCH processing time for cross-carrier scheduling with different numerologies based on PDCCH SCS
The second term above is just the minimum PDCCH-to-PDSCH delay (i.e., ) defined in the RAN1 #97 agreements. Therefore, for cross-carrier scheduling with different numerologies, the beam switch timing threshold should be larger than .
However, this is not always true if the beam switch timing threshold is timeDurationForQCL. For example, when the UE reports timeDurationForQCL = 14 for PDCCH SCS = 15 kHz and PDSCH SCS = 60 kHz, the beam switch timing threshold is smaller than the corresponding  = 16. In another example, when the UE reports timeDurationForQCL = 28 for PDCCH SCS = 15 kHz and PDSCH SCS = 120 kHz, the beam switch timing threshold is also smaller than the corresponding  = 32. This means PDCCH processing cannot always be finished by all UEs before the time instant when beam switch is supposed to occur.
[bookmark: ob_bm_2]Observation 1: For cross-carrier scheduling with different numerologies, if the PDSCH beam switch timing threshold is timeDurationForQCL, it can be smaller than the minimum PDCCH-to-PDSCH delay (e.g., ) and therefore smaller than the minimum required time to receive the scheduling PDCCH.
A similar issue has been discussed in [1] and [2] for the beam switch timing threshold for cross-carrier aperiodic CSI-RS triggering with different numerologies. If delay between the triggering PDCCH and the aperiodic CSI-RS is greater than or equal to the beam switch timing threshold, the UE applies the QCL-TypeD assumption indicated by the DCI to receive the aperiodic CSI-RS. Proposals in [1] and [2] have both defined this threshold as summation of the beam switch timing threshold for same cell aperiodic CSI-RS triggering based on the SCS of the aperiodic CSI-RS and an adjustment term based on the SCS of the PDCCH. Beam switch timing threshold for same cell triggering has covered the PDCCH processing time for same cell triggering. The adjustment accounts for the extra PDCCH processing time due to the numerology difference.
[bookmark: _Hlk17221238]The PDSCH beam switch timing threshold problem discussed in this agenda and the beam switch timing threshold for aperiodic CSI-RS triggering problem are similar in the following aspects
· Extra PDCCH processing time is needed for cross-carrier scheduling with different numerologies to avoid extra sample buffering
· Beam switch time is based on the SCS of the PDSCH or aperiodic CSI-RS
Due to the similarity of the two problems, it is reasonable to define the two beam switch timing thresholds in a similar way. The aperiodic CSI-RS framework has accounted for both the RF tuning time and extra PDCCH processing time due to numerology difference.  We think the PDSCH beam switch timing threshold can also be defined as summation of the threshold for self-scheduling based on the scheduled cell’s SCS and an adjustment term based on the scheduling cell’s SCS.
[bookmark: pr_bm_1]Proposal 1: For cross-carrier scheduling with different numerologies, the beam switch timing threshold is equal to the self-scheduling beam switch timing threshold based on the scheduled cell’s SCS + an adjustment term based on the scheduling cell’s SCS that accounts for the extra PDCCH processing time due to the numerology difference.
Since the minimum extra PDCCH processing time has been defined as the minimum PDCCH-to-PDSCH delay (), we can have the following proposal after  is plugged in.
[bookmark: pr_bm_2]Proposal 2: For cross-carrier scheduling with different numerologies, the beam switch timing threshold is equal to a number of symbols based on the scheduled cell’s SCS and the symbol number is 

where  is equal to timeDurationForQCL based on the scheduled cell’s SCS and  is the minimum PDCCH-to-PDSCH delay between the received PDCCH and the received PDSCH based on the scheduling cell’s SCS.  and  are the subcarrier spacing configurations for PDSCH and PDCCH, respectively.  takes values of [4, 4, 8, 12] for PDCCH SCS = [15, 30, 60, 120] kHz, respectively.

PDCCH-to-PDSCH Delay for Cross-Carrier Scheduling
For cross-carrier scheduling with different numerologies, the minimum PDCCH-to-PDSCH delay () is defined as the minimum timing offset between the end of the received PDCCH and the beginning of the received PDSCH at the UE by the following agreements in RAN1 #96bis.  is based on the actual timing of the PDCCH and the PDSCH. 
	Agreements:
· For case 1-1 scheduling (PDCCH in the beginning of the slot), when a lower SCS PDCCH schedules a higher SCS PDSCH:
· The  is determined a number of symbols based on PDCCH SCS counting from the end of the last symbol of the received PDCCH symbol to the beginning of the first symbol of the corresponding received PDSCH, quantized (using the granularity of PDSCH slot duration) to the next PDSCH slot boundary



If the scheduling cell and the scheduled cell are co-located, the actual timing relationship between the PDCCH and the PDSCH at the UE is equivalent to their logical timing relationship at the gNB. However, for inter-band CA, the maximum receive timing difference (MRTD) is nonnegligible and shrinks the actual timing delay between the PDCCH and the PDSCH from the logical timing delay.
Based on Table 7.6.4-2 of TS 38.133, impact of the MRTD can be calculated in the following tables for inter-band CA. Based on the PDCCH SCS, the MRTD may shrink the delay between the PDCCH and PDSCH by one to two symbols when they arrive at the UE. 

	[bookmark: _Toc5952617]7.6.4       Minimum Requirements for NR Carrier Aggregation
For intra-band CA, only collocated deployment is applied. For intra-band non-contiguous NR carrier aggregation, the UE shall be capable of handling at least a relative receive timing difference between slot timing of different carriers to be aggregated at the UE receiver as shown in Table 7.6.4-1 below.
Table 7.6.4-1: Maximum receive timing difference requirement for intra-band non-contiguous NR carrier aggregation
	Frequency Range
	Maximum receive timing difference (µs) 

	FR1
	3

	FR2
	3



For inter-band NR carrier aggregation, the UE shall be capable of handling at least a relative receive timing difference between slot timing of different carriers to be aggregated at the UE receiver as shown in Table 7.6.4-2 below.
Table 7.6.4-2: Maximum receive timing difference requirement for inter-band NR carrier aggregation
	Frequency Range
	Maximum receive timing difference (µs) 

	FR1
	33

	FR2
	8

	Between FR1 and FR2
	25 






Table 1 Inter-band CA in FR1 with MRTD = 33μs
	PDCCH SCS (kHz)
	15
	30
	60
	120

	 (PDCCH symbol)
	4
	4
	8
	12

	MRTD (PDCCH symbol)
	0.462
	0.924
	1.848
	-



Table 2 Inter-band CA in FR2 with MRTD = 8μs
	PDCCH SCS (kHz)
	15
	30
	60
	120

	 (PDCCH symbol)
	4
	4
	8
	12

	MRTD (PDCCH symbol)
	-
	-
	0.448
	0.896



Table 3 Inter-band CA between FR1 and FR2 with MRTD = 25μs
	PDCCH SCS (kHz)
	15
	30
	60
	120

	 (PDCCH symbol)
	4
	4
	8
	12

	MRTD (PDCCH symbol)
	0.35
	0.7
	1.4
	2.8


[bookmark: ob_dl_2]Observation 2: For inter-band CA, the maximum receive timing difference between the scheduling cell and the scheduled cell may result in a loss of one or two symbols based on the scheduling cell’s SCS to the timing delay between the PDCCH and the PDSCH compared to the logical timing delay between the PDCCH and the PDSCH.
To resolve this issue, the gNB can add an additional timing delay of one or two symbols based on the PDCCH SCS to the logical timing delay between the PDCCH and the PDSCH so that when the PDCCH and the PDSCH arrive at the UE, the actual timing delay meets the  requirement. Correspondingly, TS 38.214 should capture the minimum PDCCH-to-PDSCH delay as the actual timing delay observed by the UE. 
[bookmark: pr_dl_1]Proposal 3: Capture the minimum PDCCH-to-PDSCH delay agreements by including “received” in TS 38.214.

PDSCH QCL Determination
The following proposal 2 in  [3] requested to update the default QCL-Type determination rule for cross-carrier scheduling by allowing the UE to follow the indicated QCL-Type other than QCL-TypeD irrespective of the PDCCH to the PDSCH delay. In this section, we will analyze the related part of TS 38.214 and provide our opinion.
	Proposal 2: When PDSCH and its scheduling PDCCH are in the different CCs, if TCI field is present in DCI and the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold timeDurationForQCL, UE obtains the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH.



In TS 38.214, QCL assumption rules are defined for Rel. 15 by text in the following. The first part describes the UE behavior for cross-carrier scheduling which is supposed to be updated by Rel. 16 agreements. The second part describes the UE behavior for self-scheduling. This sentence specifies that under the condition none of configured TCI states for the serving cell of scheduled PDSCH contains 'QCL-TypeD', the UE obtains QCL assumptions from the indicated TCI state in DCI irrespective of the PDCCH to the PDSCH delay. Comparing Proposal 2 of [3] and this sentence, we see that the Proposal does not have the aforementioned condition when it determines QCL assumptions other than QCL-TypeD. Therefore, Proposal 2 results in a UE cross-carrier scheduling behavior different from the corresponding self-scheduling behavior. The specification would be cleaner if the UE behavior is consistent between cross-carrier scheduling and self-scheduling. For this reason, we think it is better not to make the change for Rel. 16 based on Proposal 2 of [3]. In future Releases, it can be discussed whether this should be updated for both self-carrier and cross-carrier scheduling.
	5.1.5 Antenna ports quasi co-location
…
When the UE is configured with CORESET associated with a search space set for cross-carrier scheduling, the UE expects tci-PresentInDci is set as 'enabled' for the CORESET, and if one or more of the TCI states configured for the serving cell scheduled by the search space set contains 'QCL-TypeD', the UE expects the time offset between the reception of the detected PDCCH in the search space set and the corresponding PDSCH is larger than or equal to the threshold timeDurationForQCL. 
For both the cases when tci-PresentInDCI is set to 'enabled' and tci-PresentInDCI is not configured in RRC connected mode, if the offset between the reception of the DL DCI and the corresponding PDSCH is less than the threshold timeDurationForQCL, the UE may assume that the DM-RS ports of PDSCH of a serving cell are quasi co-located with the RS(s) with respect to the QCL parameter(s) used for PDCCH quasi co-location indication of the CORESET associated with a monitored search space with the lowest CORESET-ID in the latest slot in which one or more CORESETs within the active BWP of the serving cell are monitored by the UE. In this case, if the 'QCL-TypeD' of the PDSCH DM-RS is different from that of the PDCCH DM-RS with which they overlap in at least one symbol, the UE is expected to prioritize the reception of PDCCH associated with that CORESET. This also applies to the intra-band CA case (when PDSCH and the CORESET are in different component carriers). If none of configured TCI states for the serving cell of scheduled PDSCH contains 'QCL-TypeD', the UE shall obtain the other QCL assumptions from the indicated TCI states for its scheduled PDSCH irrespective of the time offset between the reception of the DL DCI and the corresponding PDSCH.
…



[bookmark: ob_qcl_1]Observation 3: UE cross-carrier scheduling behavior based on the following proposal diverges from UE self-scheduling behavior. 
· “When PDSCH and its scheduling PDCCH are in the different CCs, if TCI field is present in DCI and the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold timeDurationForQCL, UE obtains the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH.”

Scheduling Multiple TBs from One Slot 
For the case of lower SCS PDCCH scheduling higher SCS PDSCH, the following agreements were made in RAN1 #97 to allow for multiple TBs scheduled from one slot of the scheduling cell. The three alternatives are not mutually exclusive. Therefore, more than one can be adopted eventually.
	Agreements:
· For the case of a lower SCS PDCCH scheduling a higher SCS PDSCH (or PUSCH), support using M DCIs in one slot for PDCCH to schedule M respective PDSCH (or PUSCH) transmissions in N slots for PDSCH (or PUSCH), where M<=N (for slot aggregation, M<N) following at least one of the following rules (potential down-selection can be done during Rel-16 UE feature discussion):
· Alt 1a: Define max number of unicast DCIs that the UE is expected to decode in each span of PDCCH symbols
· Further discussion only for unicast DCI or not
· Alt 1b: Define an increased number of valid unicast DCIs per PDCCH monitoring occasions
· Alt 1c: based on Rel-15 FG 3-5/3-5b 
· Further discussion whether some additional clarification is needed or not  potential clarification can be discussed under UE features



For cross-carrier scheduling with a lower SCS cell scheduling a higher SCS cell, to transmit or receive at least one TB in each slot the scheduled cell, multiple unicast DCIs need to be received by the UE in each slot on the scheduling cell. When network transmits DCIs for several slots of the scheduled cell in the same set of symbols in the scheduling cell, decoding of these DCIs may not occur in the increasing order of the slot index for the corresponding data. In the worst-case scenario, the UE may decode a DCI for data in the first slot (e.g., slot 0 in the figure) after all DCIs for the other slots are decoded. This may result in very large delay for the UE to process the first slot and incur additional UE complexity to handle the unfortunate worst case. To avoid this problem, the network can distribute DCIs for the scheduled cells in time (as shown in the bottom figure below). Together with the minimum PDCCH-to-PDSCH delay requirement, this will make the DCIs arrive at the UE in the increasing order of slot indices of the scheduled cells.
	CA with a lower SCS PDCCH scheduling a higher SCS PDSCH







The per scheduled cell maximum number of unicast DCIs is also needed for the design of HARQ-ACK codebook for cross-carrier scheduling if no major specification change is introduced. This limit can be readily realized by following the FG 3-5b framework. Since FG 3-5b has used “span”, it would be convenient if “span” is used for cross-carrier scheduling with different numerologies too. 
[bookmark: ob_dci_1]Observation 4: Case 2 PDCCH monitoring in multiple spans in a slot is defined in FG 3-5b. It can be used to define the maximum number of unicast DCIs per scheduled cell for cross-carrier scheduling with different numerologies. 

FG 3-5b has defined the maximum number of unicast DCIs within the same span to optionally support the following cases
· Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across the set of monitoring occasions for FDD
· [bookmark: _GoBack]Processing one unicast DCI scheduling DL and two unicast DCI scheduling UL per scheduled CC across the set of monitoring occasions for TDD
· Processing two unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across the set of monitoring occasions for TDD
[bookmark: pr_dci_1]Proposal 4: For the case of a lower SCS cell scheduling a higher SCS cell, reuse FG 3-5b framework to define the maximum number of DL or UL unicast DCIs per scheduled cell in a span in a slot on the scheduling cell. If a larger number of DL or UL unicast DCIs per span need to be added for FG 3-5b, it should be an optional support by the UE to process the larger number of DL or UL unicast DCIs.

For cross-carrier scheduling, requirement of UE PDCCH processing capability is different depending on the scheduling cell’s SCS and the scheduled cell’s SCS
· For cross-carrier scheduling with same SCS between the scheduling cell and the scheduled cell, PDCCH monitoring in multiple spans in a slot on the scheduling cell is needed for mini-slot based scheduling
· For cross-carrier scheduling where the scheduling cell has a lower SCS than the scheduled cell, PDCCH monitoring in multiple spans in a slot on the scheduling cell is needed even for slot-based scheduling in certain cases
· For cross-carrier scheduling where the scheduling cell has a higher SCS than the scheduled cell, PDCCH monitoring in a single span in a slot over multiple adjacent slots on the scheduling cell can support mini-slot based scheduling 
Based on this, we think the UE should not be required to have the same support (i.e., multiple spans per slot or single span per slot) for PDCCH monitoring for all the three cases above. 
[bookmark: pr_dci_3]Proposal 5: UE separately reports whether it supports PDCCH monitoring in multiple spans in a slot on the scheduling cell for the following cases
· Cross-carrier scheduling with same SCS between the scheduling cell and the scheduled cell
· Cross-carrier scheduling where the scheduling cell has a higher SCS than the scheduled cell
· Cross-carrier scheduling where the scheduling cell has a lower SCS than the scheduled cell

Cross-Carrier Scheduling UE Capabilities
In our RAN1 #98 contribution [4], we proposed that the UE reports separate capabilities for the support for the four cases of cross-carrier scheduling with different numerologies.
	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



UE cross-carrier scheduling capability is tied to UE search space sharing capability. It is unclear how search space sharing capability will be specified for Rel. 16 cross-carrier scheduling with different numerologies. The search space sharing capability may or may not be defined to differentiate UL-DL and combinations of scheduling cell’s SCS and scheduled cell’s SCS, etc. If everything is clear (e.g., UL-DL differentiation) for search space sharing capability for cross-carrier scheduling with different numerologies, it is fine to not differentiate UL and DL in UE cross-carrier scheduling capabilities. Otherwise, UL-DL differentiation would be still needed. It is too early to preclude a UL-DL differentiation for cross-carrier scheduling with different numerologies now.
[bookmark: pr_cap_1]Proposal 6: Do not preclude UL-DL differentiation for cross-carrier scheduling UE capabilities before UE search space sharing capability is clarified.

[bookmark: _Toc503314554][bookmark: _Toc503531337]Conclusion
The following proposals have been made on remaining issues for cross-carrier scheduling with different numerologies:
Observation 1: For cross-carrier scheduling with different numerologies, if the PDSCH beam switch timing threshold is timeDurationForQCL, it can be smaller than the minimum PDCCH-to-PDSCH delay (e.g., ) and therefore smaller than the minimum required time to receive the scheduling PDCCH.
Observation 2: For inter-band CA, the maximum receive timing difference between the scheduling cell and the scheduled cell may result in a loss of one or two symbols based on the scheduling cell’s SCS to the timing delay between the PDCCH and the PDSCH compared to the logical timing delay between the PDCCH and the PDSCH.
Observation 3: UE cross-carrier scheduling behavior base on the following proposal diverges from UE self-scheduling behavior. 
· “When PDSCH and its scheduling PDCCH are in the different CCs, if TCI field is present in DCI and the time offset between the reception of the DL DCI and the corresponding PDSCH is smaller than a threshold timeDurationForQCL, UE obtains the QCL assumptions other than QCL-TypeD from the indicated TCI state in DCI for the PDSCH.”
Observation 4: Case 2 PDCCH monitoring in multiple spans in a slot is defined in FG 3-5b. It can be used to define the maximum number of unicast DCIs per scheduled cell for cross-carrier scheduling with different numerologies. 

Proposal 1: For cross-carrier scheduling with different numerologies, the beam switch timing threshold is equal to the self-scheduling beam switch timing threshold based on the scheduled cell’s SCS + an adjustment term based on the scheduling cell’s SCS that accounts for the extra PDCCH processing time due to the numerology difference.
Proposal 2: For cross-carrier scheduling with different numerologies, the beam switch timing threshold is equal to a number of symbols based on the scheduled cell’s SCS and the symbol number is 

where  is equal to timeDurationForQCL based on the scheduled cell’s SCS and  is the minimum PDCCH-to-PDSCH delay between the received PDCCH and the received PDSCH based on the scheduling cell’s SCS.  and  are the subcarrier spacing configurations for PDSCH and PDCCH, respectively.  takes values of [4, 4, 8, 12] for PDCCH SCS = [15, 30, 60, 120] kHz, respectively.
Proposal 3: Capture the minimum PDCCH-to-PDSCH delay agreements by including “received” in TS 38.214.
Proposal 4: For the case of a lower SCS cell scheduling a higher SCS cell, reuse FG 3-5b framework to define the maximum number of DL or UL unicast DCIs per scheduled cell in a span in a slot on the scheduling cell. If a larger number of DL or UL unicast DCIs per span need to be added for FG 3-5b, it should be an optional support by the UE to process the larger number of DL or UL unicast DCIs.
Proposal 5: UE separately reports whether it supports PDCCH monitoring in multiple spans in a slot on the scheduling cell for the following cases
· Cross-carrier scheduling with same SCS between the scheduling cell and the scheduled cell
· Cross-carrier scheduling where the scheduling cell has a higher SCS than the scheduled cell
· Cross-carrier scheduling where the scheduling cell has a lower SCS than the scheduled cell
Proposal 6: Do not preclude UL-DL differentiation for cross-carrier scheduling UE capabilities before UE search space sharing capability is clarified.
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