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[bookmark: _Ref521334010]Introduction
One of the objectives of the Rel-16 URLLC SI is to investigate potential enhancements to scheduling/HARQ/CSI processing timelines. In RAN1 Ad-Hoc meeting 1901, the following agreements were reached regarding scheduling and processing timeline enhancements for Rel-16 URLLC.
Agreements:
For supporting the out-of-order PDSCH-to-HARQ and PDCCH-to-PUSCH between two HARQ processes on the active BWP of a given serving cell, the companies are encouraged to perform further analysis, including at least the following aspects:
· The details of the dropping rules if allowed
· The conditions (if any) under which the UE is expected to process the out-of-order channels

Agreements:
· In Rel. 16 of NR, no PDSCH and PUSCH processing timing enhancement as compared to NR Rel. 15 is supported for at least SCS = 15KHz.

The assumptions for latency analysis for other subcarrier spacings were agreed in [1].
This contribution addresses the remaining issues on scheduling and processing timeline enhancements for URLLC taking the above agreements and agreed latency analysis assumptions into account.
Discussion
Out-of-order scheduling
In Rel-15 out-of-order scheduling, where a later DCI schedules a PDSCH/PUSCH which starts earlier than the end of another PDSCH/PUSCH scheduled by an earlier DCI, is not supported for both DL and UL as shown in Figure 1. 


Figure 1: out-of-order scheduling is not supported in Rel-15
For a UE supporting mixed mode (URLLC and non-URLLC) traffic, newly arriving URLLC traffic cannot be scheduled until the end of an already scheduled PDSCH/PUSCH based on the Rel-15 scheduling restrictions leading to increased latency. In order to schedule URLLC traffic as soon as possible, it is desirable to support out-of-order scheduling at least for bursty URLLC traffic. The PDSCH/PUSCH conveying URLLC traffic may or may not overlap in time with the PDSCH/PUSCH conveying non-URLLC traffic. This is one of the intra-UE multiplexing scenarios provided by RAN2 for study [2] and more discussion can be found in a companion contribution in [3]. 
Proposal 1: Out-of-order scheduling, i.e. a later DCI schedules a PDSCH/PUSCH which starts earlier than the end of another PDSCH/PUSCH scheduled by an earlier DCI, is supported for a UE supporting mixed (URLLC and non-URLLC) traffic. 
For out-of-order scheduling, it is assumed that the PDSCH/PUSCH scheduled by the later DCI is for URLLC traffic, so it is clear that UE should prioritize the PDSCH/PUSCH scheduled by the later DCI. To be more specific, a UE should decode the PDSCH scheduled by the later DCI according to the scheduling information and transmit the corresponding HARQ-ACK. Similarly, the UE should transmit PUSCH scheduled by the later DCI according to the scheduling information.
The UE behavior for the PDSCH/PUSCH scheduled by the earlier DCI needs to be discussed. One possible solution is that UE stops/skips the processing of the PDSCH/PUSCH scheduled by the earlier DCI, i.e. the later DCI cancels the previous scheduling. This solution will not increase the requirement of UE processing capability but may have the following disadvantages:
· waste of UE power if UE has already started the processing of PDSCH/PUSCH scheduled by the earlier DCI
· potential waste of physical resources scheduled by earlier DCI if the available REs are not re-scheduled to other UEs considering e.g. the probability of miss detection of the later DCI
· increased PDCCH overhead since gNB needs to send another DCI to re-schedule the canceled TB
On the other hand, UE processing time for PDSCH/PUSCH scheduled by the earlier DCI may be reduced due to interruption by another PDSCH/PUSCH as shown in Figure 2. Depending on the scheduling grant, UE may or may not have sufficient time for PDSCH/PUSCH processing.


Figure 2: impact to UE processing time due to out-of-order scheduling
In order to overcome the disadvantages of stopping/skipping the processing of PDSCH/PUSCH scheduled by the earlier DCI without increasing the requirement of UE processing capability, it is proposed that UE decodes the PDSCH scheduled by earlier DCI and feeds back the corresponding HARQ-ACK if the time interval between the starting symbol of HARQ-ACK transmission corresponding to the two PDSCHs is not shorter than the processing time for the first PDSCH. Similarly for the UL, a UE may transmit PUSCH scheduled by the earlier DCI if the time interval between the start of two PUSCHs is not shorter than the preparation time for the first PUSCH. 
In addition, if UE stops/skips decoding of the PDSCH scheduled by earlier DCI, further discussion is needed on whether UE transmits the corresponding HARQ-ACK. 
Proposal 2: For out-of-order PDSCH scheduling, if the time interval between the start of HARQ-ACK for a second scheduled PDSCH and the HARQ-ACK corresponding to a first scheduled PDSCH is not shorter than the PDSCH processing time of the first PDSCH, the UE decodes the first PDSCH and feeds back the corresponding HARQ-ACK; otherwise, UE stops/skips decoding of the first PDSCH and it is FFS whether the UE still transmits the corresponding HARQ-ACK.
Proposal 3: For out-of-order PUSCH scheduling, if the time interval between the end of the later scheduled PUSCH and the start of the earlier scheduled PUSCH is not shorter than the preparation time of the earlier scheduled PUSCH, the UE transmits the earlier scheduled PUSCH; otherwise, the UE stops/skips transmission of the earlier scheduled PUSCH. 

UE processing timeline enhancement
We first provide our worst-case latency analysis for completing a single-shot transmission (1 Tx) and two HARQ transmissions (2 Tx) using the NR Rel-15 N1/N2 capability #2 for FDD and 30kHz/ 60kHz in Table 1. We assumed two cases for gNB processing time assumptions to model different assumptions on the base station load as follow where X=2 for 30kHz SCS and X=4 for  60kHz SCS, 
· Case 1: Processing time for scheduling the initial PDSCH is N2/2 + X and decoding time for the last PUSCH is N1/2+X
· Case 2: Processing time for scheduling the initial PDSCH is N2+X and decoding time for the last PUSCH is N1+X. 
[bookmark: _Ref534637169][bookmark: _Ref1129966]Table 1: Latency analysis under Rel-15 N1/N2 values (FDD)
	gNB proc time assumption
	SCS (kHz)
	# MO/slot
	TTI (OS)
	DL
	UL ConfiguredGrant

	
	
	
	
	1 Tx (ms)
	2 Tx (ms)
	1 Tx (ms)
	2 Tx (ms)

	Case 1
	30
	4
	2
	0.58
	1.22
	0.39
	1.07

	
	
	
	4
	0.72
	1.51
	0.61
	1.29

	
	
	
	7
	0.94
	1.94
	0.75
	1.54

	
	
	7
	2
	0.51
	1.15
	0.39
	1.04

	
	
	
	4
	0.65
	1.37
	0.61
	1.29

	
	
	
	7
	0.87
	1.87
	0.75
	1.54

	
	60
	4
	2
	0.46
	0.96
	0.32
	0.86

	
	
	
	4
	0.53
	1.1
	0.43
	0.96

	
	
	
	7
	0.63
	1.21
	0.5
	1.13

	
	
	7
	2
	0.42
	0.92
	0.32
	0.82

	
	
	
	4
	0.49
	1.03
	0.43
	0.96

	
	
	
	7
	0.6
	1.17
	0.5
	1.13

	Case 2
	30
	4
	2
	0.68
	1.32
	0.47
	1.15

	
	
	
	4
	0.82
	1.61
	0.69
	1.37

	
	
	
	7
	1.04
	2.04
	0.83
	1.62

	
	
	7
	2
	0.61
	1.25
	0.47
	1.12

	
	
	
	4
	0.75
	1.46
	0.69
	1.37

	
	
	
	7
	0.96
	1.96
	0.83
	1.62

	
	60
	4
	2
	0.55
	1.05
	0.4
	0.94

	
	
	
	4
	0.63
	1.2
	0.51
	1.04

	
	
	
	7
	0.73
	1.3
	0.58
	1.21

	
	
	7
	2
	0.52
	1.02
	0.4
	0.9

	
	
	
	4
	0.59
	1.13
	0.51
	1.04

	
	
	
	7
	0.7
	1.27
	0.58
	1.21



Based on the above analysis, we have the following observations.
Observation 1: For FDD, 1 ms latency budget can be met for single-shot transmission for both DL and UL for both 30 kHz and 60 kHz SCS except for PDSCH of 7 symbols with 4 PDCCH monitoring occasions per slot with gNB processing time assumption Case 2.
Observation 2: For FDD 30 kHz SCS, 1 ms latency budget cannot be met for two HARQ transmissions for both DL and UL under Rel-15 N1/N2 values. 
Observation 3: For FDD 60 kHz SCS 1 ms DL latency budget can be met for two HARQ transmissions with PDSCH of 2 symbols and 1 ms UL latency budget can be met for two HARQ transmissions with configured grant PUSCH of 2 and 4 symbols with gNB processing time assumption Case 1.
Observation 4: For FDD 60 kHz SCS, 1 ms latency budget cannot be met for two HARQ transmissions except for configured grant PUSCH of 2 symbols with gNB processing time assumption Case 2.

For the cases that 1ms latency budget cannot be met, we further analyse the maximum N1/N2 values to meet 1ms latency budget with two HARQ transmissions as shown in Table 2. 
For the cases that 1ms latency has already been met by Rel-15 N1/N2 values, ‘/’ is marked. For the cases that no N1/N2 values can meet 1ms latency budget, ‘N/A’ is marked. Note that since gNB processing times are fixed to Rel-15 N2 values, N2 values for DL and N1 values for UL are blank since they are not used for latency analysis.
[bookmark: _Ref1057921]Table 2: Latency analysis under reduced N1/N2 values (FDD)
	gNB proc time assumption
	SCS (kHz)
	# MO/slot
	TTI (OS)
	Maximum N1/N2 values to meet 1ms DL latency budget
	DL latency
	Maximum N1/N2 values to meet 1ms UL (configured grant) latency budget
	UL latency

	
	
	
	
	N1
	N2
	2 Tx (ms)
	N1
	N2
	2 Tx (ms)

	Case 1
	30
	4
	2
	3
	3
	0.98
	4
	4
	0.89

	
	
	
	4
	0.5
	0.5
	0.99
	2
	2
	1

	
	
	
	7
	N/A
	N/A
	
	N/A
	N/A
	

	
	
	7
	2
	3
	3
	0.84
	4.5
	4.5
	0.95

	
	
	
	4
	2
	2
	1
	2
	2
	1

	
	
	
	7
	N/A
	N/A
	
	N/A
	N/A
	

	
	60
	4
	2
	/
	/

	
	
	
	4
	8.5
	8.5
	1
	/

	
	
	
	7
	4.5
	4.5
	1
	6.5
	6.5
	0.94

	
	
	7
	2
	/
	/

	
	
	
	4
	9
	9
	0.97
	/

	
	
	
	7
	6
	6
	1
	8
	8
	0.96

	Case 2
	30
	4
	2
	2.5
	2.5
	1
	4
	4
	0.96

	
	
	
	4
	0.5
	0.5
	1
	1
	1
	0.84

	
	
	
	7
	N/A
	N/A
	
	N/A
	N/A
	

	
	
	7
	2
	3
	3
	0.89
	4
	4
	0.93

	
	
	
	4
	1.5
	1.5
	1
	1
	1
	0.84

	
	
	
	7
	N/A
	N/A
	
	N/A
	N/A
	

	
	60
	4
	2
	8.5
	8.5
	1
	/

	
	
	
	4
	6.5
	6.5
	1
	9
	9
	0.99

	
	
	
	7
	3.5
	3.5
	1
	6.5
	6.5
	1

	
	
	7
	2
	9
	9
	0.95
	/

	
	
	
	4
	7.5
	7.5
	11
	9
	9
	0.99

	
	
	
	7
	4.5
	4.5
	1
	6.5
	6.5
	1



Based on the above latency analysis, we have the following observations.
Observation 5: For FDD 30 kHz SCS, in order to meet 1 ms latency budget for two HARQ transmissions, N1 and N2 need to be reduced to ~2.5 symbols.
Observation 6: For FDD 60 kHz SCS, in order to meet 1 ms latency budget for two HARQ transmissions for DL with gNB processing time assumption Case 2, N1 and N2 need to be reduced to ~8.5 symbols.
Conclusion
This contribution discussed scheduling and processing timeline enhancements to adequately support Rel-16 URLLC use cases. A few proposals and observations are as follows:
Proposal 1: Out-of-order scheduling, i.e. a later DCI schedules a PDSCH/PUSCH which starts earlier than the end of another PDSCH/PUSCH scheduled by an earlier DCI, is supported for a UE supporting mixed (URLLC and non-URLLC) traffic. 
Proposal 2: For out-of-order PDSCH scheduling, if the time interval between the start of HARQ-ACK for a second scheduled PDSCH and the HARQ-ACK corresponding to a first scheduled PDSCH is not shorter than the PDSCH processing time of the first PDSCH, the UE decodes the first PDSCH and feeds back the corresponding HARQ-ACK; otherwise, UE stops/skips decoding of the first PDSCH and it is FFS whether the UE still transmits the corresponding HARQ-ACK.
Proposal 3: For out-of-order PUSCH scheduling, if the time interval between the end of the later scheduled PUSCH and the start of the earlier scheduled PUSCH is not shorter than the preparation time of the earlier scheduled PUSCH, the UE transmits the earlier scheduled PUSCH; otherwise, the UE stops/skips transmission of the earlier scheduled PUSCH. 

Observation 1: For FDD, 1 ms latency budget can be met for single-shot transmission for both DL and UL for both 30 kHz and 60 kHz SCS except for PDSCH of 7 symbols with 4 PDCCH monitoring occasions per slot with gNB processing time assumption Case 2.
Observation 2: For FDD 30 kHz SCS, 1 ms latency budget cannot be met for two HARQ transmissions for both DL and UL under Rel-15 N1/N2 values. 
Observation 3: For FDD 60 kHz SCS 1 ms DL latency budget can be met for two HARQ transmissions with PDSCH of 2 symbols and 1 ms UL latency budget can be met for two HARQ transmissions with configured grant PUSCH of 2 and 4 symbols with gNB processing time assumption Case 1.
Observation 4: For FDD 60 kHz SCS, 1 ms latency budget cannot be met for two HARQ transmissions except for configured grant PUSCH of 2 symbols with gNB processing time assumption Case 2.
Observation 5: For FDD 30 kHz SCS, in order to meet 1 ms latency budget for two HARQ transmissions, N1 and N2 need to be reduced to ~2.5 symbols.
Observation 6: For FDD 60 kHz SCS, in order to meet 1 ms latency budget for two HARQ transmissions for DL with gNB processing time assumption Case 2, N1 and N2 need to be reduced to ~8.5 symbols.
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