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Introduction
[bookmark: _Hlk525601705][bookmark: _Hlk510705081]The URLLC L1 study item was approved in RAN#80, and the SID was further updated in RAN1#81 [1]. The following UCI enhancements was included as part of the objectives:
URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)
In this contribution, we discuss the out-of-order scheduling and out-of-order HARQ-ACK support for URLLC, and further reduction of PDSCH/PUSCH/CSI processing time. 
Out-of-Order Scheduling
In RAN1#93, the following was agreed not to support out-of-order scheduling for PDSCH/PUSCH:
Agreements:
· For any two HARQ process IDs A and B for a given cell, 
· If the scheduling DCI scrambled by C-RNTI for unicast PUSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PUSCH transmission B, then for the Dec. 2017 baseline capability
· UE is not expected to be scheduled such that PUSCH for B is before the PUSCH for A
· For any two HARQ process IDs A and B for a given cell, 
· If the scheduling DCI scrambled by C-RNTI for unicast PDSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PDSCH transmission B, then for the Dec. 2017 baseline capability
· UE is not expected to be scheduled such that PDSCH for B is before the PDSCH for A
These are captured in 38.214 as follows, applicable for all Rel-15 UEs:
"For any two HARQ process IDs in a given cell, if the UE is scheduled to start a PUSCH transmission in symbol j by a PDCCH in symbol i, the UE is not expected to be scheduled to transmit a PUSCH starting earlier than symbol j by a PDCCH starting later than symbol i."
"For any two HARQ process IDs in a given cell, if the UE is scheduled to start a PUSCH transmission in symbol j by a PDCCH in symbol i, the UE is not expected to be scheduled to transmit a PUSCH starting earlier than symbol j by a PDCCH starting later than symbol i."
The out-of-order PDSCH scheduling may be less an issue, because PDSCH is typically scheduled to start at the same time as or immediately follow DL assignment so out-of-order PDSCH scheduling typically does not happen.
But out-of-order PUSCH scheduling can be very much necessary for UEs with both eMBB and URLLC traffic. For eMBB, the gNB may schedule PUSCH to start some time later (longer than the minimum PUSCH preparation time) with certain frame structure in mind (which may be more efficient). But when URLLC traffic comes, in order to satisfy the latency requirement, the gNB would need to schedule PUSCH as soon as possible, which can be earlier than the previously scheduled eMBB packet. Therefore, out-of-order PUSCH scheduling should be supported. (Note that out-of-order PUSCH scheduling is supported in LTE sTTI feature.)
Given that Rel-15 UEs currently do not support out-of-order scheduling, for Rel-16 UEs to support it, a new UE capability would need to be introduced. But it is highly desirable for all Rel-16 UEs to support it instead of being optional because it is important for URLLC latency (especially if UEs support both eMBB and URLLC traffic).
[bookmark: _Hlk525903535]Proposal 1: All Rel-16 UEs to support out-of-order PUSCH scheduling (i.e. a PUSCH scheduled through a later UL grant can be transmitted earlier than another PUSCH scheduled through an earlier UL grant). FFS out-of-order PDSCH scheduling.
Out-of-Order HARQ-ACK
In RAN1#92, it was agreed that the baseline capability of a UE does not support out-of-order HARQ-ACK, meaning that it is not allowed to schedule a later PDSCH but requesting HARQ-ACK feedback to be reported earlier than the HARQ-ACK for an earlier PDSCH.
Agreements:
· For any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE is not expected to be triggered to send the HARQ-ACK for A after the HARQ-ACK for B
· Note: this does not preclude a future capability for UEs to support out-of-order HARQ-ACK.
· Send LS to RAN2 to address this capability (R1-1803509, which is approved by removing the 2nd subbullet, final LS is R1-1803538)
This is acceptable for eMBB, but for the UE with a mix of eMBB and URLLC traffic, the question is whether there is a practical use case that may require out-of-order HARQ-ACK, or where out-of-order HARQ-ACK may provide benefit.
There was an argument suggesting that if the UE is able to provide HARQ-ACK earlier, there is no reason that the gNB should schedule HARQ-ACK for the earlier HARQ process so late. However, 
· Even for UEs supporting Capability 2, the achievable timeline depends on some factors, such as DMRS positions, the number of scheduled PRBs, etc. Thus, the achievable timeline for two PDSCHs may be different by definition.
· Consider a UE with mixed eMBB and URLLC services. For serving eMBB traffic, the gNB may want to use a DL/UL pattern that does not have frequent DL/UL switch, so the HARQ-ACK delay may be relatively large depending on when UL symbols become available. If there is urgent URLLC data arriving, the gNB would want to request the HARQ-ACK to be reported back as soon as possible in the URLLC PDSCH scheduling, so that the retransmission, if needed, can still be scheduled within the latency bound. This could result in creating dynamically an additional, earlier, HARQ-ACK/PUCCH transmission opportunity into the DL/UL pattern, which would also result in out-of-order HARQ-ACK. 
With the support of out-of-order HARQ-ACK, URLLC traffic can be scheduled without waiting for the HARQ-ACK of an earlier PDSCH to be transmitted. This is very important for URLLC latency. (Note that out-of-order HARQ-ACK is supported in the Rel-15 LTE sTTI feature.)
Similar to out-of-order scheduling, it is important that all Rel-16 UEs also support out-of-order HARQ-ACK. 
Proposal 2: All Rel-16 UEs to support out-of-order HARQ-ACK.
(Note: Out-of-order HARQ-ACK means that for any two HARQ process IDs A and B for a given cell, the scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B, while the HARQ-ACK for B is expected to be transmitted earlier than the HARQ-ACK for A.)
UE Processing Time
UE’s PDSCH and PUSCH processing time
UE processing times for PDSCH decoding and PUSCH preparation are important components of RAN latency. There are a few reasons why additional reduction of these UE processing time is beneficial:
· According to our IMT-2020 evaluation results for Rel-15 [2], it is challenging to achieve 1ms for a lot of configurations, especially with low SCS and/or with HARQ retransmission. Some use cases identified for Rel-16 may require even lower latency.
· It is extremely beneficial to allow HARQ retransmission within the latency budget, which is important for both reliability and system efficiency.
· With more stringent reliability requirement, it becomes more and more difficult to achieve the reliability with a single-shot transmission.
· The gNB would need to be extremely conservative in scheduling, which is very inefficient.
· The URLLC features should support applications with a diverse set of requirements, not just 1ms or 0.5ms. Further reduced processing time would allow better support of HARQ retransmissions whenever applicable.
Reduction of PUSCH preparation time at the UE would allow the gNB to use grant-based PUSCH for more applications, which is expected to provided higher reliability and especially much improved efficiency than grant-free PUSCH. It is also noted that the baseline URLLC capability for UE processing time has been defined in Rel-15, which can already be used to support a lot of URLLC applications. It is reasonable to have another UE capability defined with more aggressive processing time, which can be used to support more URLLC applications with even more stringent requirements, and support URLLC operation more efficiently.
The necessity of introducing a new UE capability and what are the new values for N1/N2 were discussed in RAN1#AH1901. It was agreed that a set of common assumptions is needed to calibrate the evaluation scenarios and results. In this document, we present the evaluation results using the following common assumptions in [3], which have been agreed by email.
Agreement from [AH1901-NR-01] email discussion in [3]:
To further study the need for introducing a new PDSCH and PUSCH processing timelines, the following cases are used for calibration of the results amongst the companies:
· For evaluating the impact of processing times on downlink latency:
· The latency of the initial transmission must include the gNB processing time after receiving a packet from the higher layers and the alignment delay. 
· The alignment delay includes the gap between the two consecutive PDCCH monitoring occasions for FDD, the PDCCH transmission latency due to the UL/DL configuration for TDD, and the scheduling constraint due to the slot boundaries.
· [bookmark: _Hlk536726092]The alignment delay should also be considered for scheduling the later PDSCHs.  
· [bookmark: _Hlk791167]gNB’s processing time for transmission of the initial PDSCH and gNB’s PUCCH-to-PDCCH processing time for re-trasnmission of the PDSCH:
· Case1: UE’s N2/2 + X for scheduling the initial PDSCH and UE’s N2 + X for re-transmission.
· X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.
· PDCCH duration = 1 symbol
· 1-symbol overlap between PDCCH and PDSCH
· Number of PDCCH monitoring occasions per slot = 4/7
· For the case of 4 monitoring occasions per slot, PDCCH monitoring occasions are given as [1,0,0,0,1,0,0,0,1,0,0,0,1,0];
· For the case of 7 monitoring occasions per slot, PDCCH monitoring occasions are given as [1,0,1,0,1,0,1,0,1,0,1,0,1,0];
· PDSCH duration:
· 2 symbols 
· 4 symbols 
· 7 symbols 
· PDSCH with front-loaded DMRS is assumed.
· PDSCH of mapping type B is assumed.
· PUCCH duration = 1 symbol
· Number of PUCCH carrying HARQ-ACK for URLLC per slot is 7 and using the following pattern: [1,0,1,0,1,0,1,0,1,0,1,0,1,0];
· UE decoding time for the last PDSCH: is N1 + d_1,1

· For evaluating the impact of processing times on uplink latency:
· The latency of the initial transmission must include the alignment delay. 
· [bookmark: _Hlk913925]For the case of SR-based PUSCH, the alignment delay includes the gap between the two consecutive SR occasions for FDD, the SR transmission latency due to the UL/DL configuration for TDD, and the scheduling constraint due to the slot boundaries. 
· [bookmark: _Hlk914006]For the case of grant-free PUSCH, the alignment delay includes the transmission constraint due to the grant-free UL occasions for the initial transmission, and the scheduling constraint due to the slot boundaries for the grant-based re-transmission.  
· For both SR-based PUSCH and grant-free PUSCH, the alignment delay should also be considered for PUSCH re-transmission triggered by a dynamic grant. 
· The first symbol of PUSCH consists of only DMRS.
· PUSCH with type-B mapping and no additional DMRS is assumed.
· For the case of grant-free PUSCH, the latency of the initial transmission must also include the UE’s processing time given as UE’s N2/2
· gNB’s PUSCH-to-PDCCH processing time (note that PDCCH alignment has to be included separately) is UE’s N1 + X
· X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.
· gNB’s decoding time for the last PUSCH is UE’s N1/2 + X
· X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.
· PUSCH duration: 
· Case 1: 2
· Case 2: 4 
· Case 3: 7
· [bookmark: _Hlk774190]For dynamic PUSCH, it is assumed that the TB cannot be repeated across the slot boundary. 
· PDCCH duration: 1 symbol
· Number of PDCCH monitoring occasions per slot = 4/7
· For the case of 4 monitoring occasions per slot, PDCCH monitoring occasions are given as [1,0,0,0,1,0,0,0,1,0,0,0,1,0];
· For the case of 7 monitoring occasions per slot, PDCCH monitoring occasions are given as [1,0,1,0,1,0,1,0,1,0,1,0,1,0];
· For GF-PUSCH: 
· The re-transmission is triggered by a dynamic grant.
· The number of PUSCH transmission occasions per slot:
· 7 for the case of 2-symb PUSCH (i.e., the UL pattern is [2,2,2,2,2,2,2].)
· 3 for the case of 4-symbol PUSCH (i.e., the UL pattern is [4,4,4,0].)
· 2 for the case of 7-symb PUSCH (i.e., the UL pattern is [7,7].)
· For SR-based PUSCH:
· gNB’s processing time for SR is UE’s N1
· Duration of the PUCCH for SR: 1 symbol
· Number of SR occasions per slot: 7 with [1,0,1,0,1,0,1,0,1,0,1,0,1,0] configuration.

· For SCS = 30/60KHz, FDD is assumed.
· The companies can additionally consider TDD; the assumed TDD UL/DL configuration should be reported.
· For SCS = 120KHz, the companies report the considered TDD UL/DL configuration (e.g., [D,D,D,D,D,D,F,F,U,U,U,U,U,U] can be assumed, where ‘F’ indicates the semi-static flexible symbol.)
· In this study, a timing advance is assumed to be 0.
· The gNB processing times assumed in here are only for the purpose of this study, and are not necessarily indicative of actual gNB processing capabilities.

· For each scenario, the following parameters are reported:
1. The worst-case latency for completing a single-shot transmission under NR Rel. 15 N1/N2 capabilities.
· Cap#2 for SCS = 30/60KHz and Cap#1 for SCS = 120KHz are assumed.
2. The worst-case latency for completing two transmissions (i.e., the initial transmission and one HARQ-based re-transmission) under NR Rel. 15 N1/N2 capabilities.
· Cap#2 for SCS = 30/60KHz and Cap#1 for SCS = 120KHz are assumed.
3. In case a single-shot transmission cannot be completed under (1), companies report the maximum required N1/N2 (smaller than those of the NR Rel. 15) to complete a single-shot transmission within 1ms.
· Also, the latency reduction gains as compared to (1) above.
4. In case two transmissions cannot be completed under (2), companies report the maximum required N1/N2 (smaller than those of the NR Rel. 15) to complete two transmissions (i.e., the initial transmission and one HARQ-based re-transmission) within 1ms.
· Also, the latency reduction gains as compared to (2) above.
5. Support/No support for introducing new processing timing capabilities for Rel. 16 eURLLC.

· For the DL study, it is assumed that N2=N1 when calculating gNB processing time. This assumption applies only to the Rel. 16 based analysis. 
· For the UL study, it is assumed that N2=N1 when calculating gNB processing time. This assumption applies only to the Rel. 16 based analysis. 
· [bookmark: _Hlk806823]Besides the above mentioned values, the companies can consider other values for gNB’s processing time for transmission of the initial PDSCH and gNB’s PUCCH-to-PDCCH processing time for re-trasnmission of the PDSCH, gNB’s PUSCH-to-PDCCH processing time, and gNB’s decoding time for the last PUSCH. In case other values are considered, the assumption of N2 = N1 when calculating the gNB processing time for the Rel. 16 analysis is not required.  
· For the UL study, a solution with N2 of Rel. 15 > N2 of Rel. 16 = N1 of Rel. 16 > N1 of Rel. 15 is not valid.
The LLS and SLS evaluation results can be reported under the methodology agreed in RAN1 #95 for the scenarios identified above.

30 and 60 kHz SCS (FDD)
FDD is considered as the duplexing mode to evaluate the PDSCH / PUSCH latency for 30 and 60 kHz SCS based on the agreed evaluation assumptions. 
Downlink:
Table 1 shows the worst-case latency for receiving a single-shot PDSCH transmission (initial Tx) and two PDSCH transmissions (1 reTx, i.e. the initial and one retransmission) using the N1/N2 values of Rel. 15 UE capability 2 (see Appendix A). The scenarios with a DL UP latency higher than 1ms are highlighted.
Table 1: Downlink UP latency (in ms) for Rel. 15 UE capability 2 in 
FDD using the agreed evaluation assumptions.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PDSCH
	Initial Tx
	0.5089
	0.4196
	0.5804
	0.4554

	
	1 reTx
	1.1518
	0.9196
	1.2946
	0.9554

	4-symbol PDSCH
	Initial Tx
	0.6518
	0.4911
	0.7232
	0.5268

	
	1 reTx
	1.3661
	1.0268
	1.5089
	1.0982

	7-symbol PDSCH
	Initial Tx
	0.8661
	0.5982
	0.9375
	0.6339

	
	1 reTx
	1.8661
	1.1696
	1.9375
	1.2054



Table 2 presents the maximum values of N1 that can be applied to achieve 1ms DL UP latency for the corresponding highlighted cases in Table 1. In Table 2, NA denotes that no reasonable processing time assumption fullfiling the 1ms latency was found. 
Table 2: Maximum N1 (N2=N1) to satisfy 1 ms latency for the highlighted cases in Table 1.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PDSCH
	1 reTx
	3
	
	3
	

	4-symbol PDSCH
	1 reTx
	2
	9 (need enhancement for N2)
	NA
	8.5

	7-symbol PDSCH
	1 reTx
	NA
	5
	NA
	4



Uplink:
Configured grant PUSCH
The UL UP latency results for configured grant PUSCH and Rel. 15 N1/N2 are shown in Table 3 while Table 4 presents the maximum values of N2 that can be applied to achieve 1ms UL UP latency for the corresponding highlighted cases in Table 3. One should note that the defined PDCCH occasion pattern is considered when there is a retransmission. Therefore, the initial transmission latencies are equal for all PDCCH occasion patterns. With one retransmission and by selecting the worst case, the same DL control alignment time has been achieved for 4- and 7-symbols PUSCH with the considered PDCCH occasions by coincident.
Table 3: Uplink UP latency (in ms) for configured grant PUSCH and Rel. 15 UE capability 2 in 
FDD using the agreed evaluation assumptions.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PUSCH
	Initial Tx
	0.3929
	0.3214
	0.3929
	0.3214

	
	1 reTx
	1.0357
	0.8214
	1.1071
	0.8571

	4-symbol PUSCH
	Initial Tx
	0.6071
	0.4286
	0.6071
	0.4286

	
	1 reTx
	1.3929
	1.0000
	1.3929
	1.0000

	7-symbol PUSCH
	Initial Tx
	0.7500
	0.5000
	0.7500
	0.5000

	
	1 reTx
	1.5000
	1.1250
	1.5000
	1.1250



Table 4: Maximum N2 (N1=N2) to satisfy 1 ms latency for the highlighted cases in Table 3.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PUSCH
	1 reTx
	4
	
	4
	

	4-symbol PUSCH
	1 reTx
	2
	10
	2
	10

	7-symbol PUSCH
	1 reTx
	NA
	7
	NA
	7



Grant based PUSCH
The grant based PUSCH scheduling is also considered with the UL UP latency results for Rel. 15 N1/N2 are shown in Table 5. The maximum values of N2 that can be applied to achieve 1ms UL UP latency for the corresponding highlighted cases in Table 5 are shown in Table 6.
Table 5: Uplink UP latency (in ms) for grant based PUSCH and Rel. 15 UE capability 2 in 
FDD using the agreed evaluation assumptions.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PUSCH
	Initial Tx
	0.7946
	0.6161
	0.8304
	0.6518

	
	1 reTx
	1.4018
	1.1161
	1.4732
	1.1518

	4-symbol PUSCH
	Initial Tx
	0.9375
	0.6875
	1.0089
	0.6875

	
	1 reTx
	1.6161
	1.2232
	1.7232
	1.2589

	7-symbol PUSCH
	Initial Tx
	1.1161
	0.8125
	1.1161
	0.8125

	
	1 reTx
	1.9018
	1.3839
	1.9732
	1.4196



Table 6: Maximum N2 (N1=N2) to satisfy 1 ms latency for the highlighted cases in Table 5.
	
	7 PDCCH occasions
	4 PDCCH occasions

	
	30 kHz
	60 kHz
	30 kHz
	60 kHz

	2-symbol PUSCH
	1 reTx
	3
	8
	3
	7

	4-symbol PUSCH
	Initial Tx
	
	
	5
	

	
	1 reTx
	2
	7
	1
	7

	7-symbol PUSCH
	Initial Tx
	3
	
	3 
	

	
	1 reTx
	NA
	4
	NA
	NA




From Tables 2, 4 and 6 we observe that, for 30 kHz SCS, N1 = 3 and N2 = 3 are sufficient to have 1 retransmission within 1ms for both DL and UL with PDSCH/PUSCH duration of 2 symbols. For 60 kHz SCS, N1 = 7 and N2 = 7 are sufficient to have 1 retransmission within 1ms for DL with PDSCH duration of 4 symbols and UL with PUSCH duration of 4 or 7 symbols.
Observation 1: The following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission for FDD:
· For 30 kHz SCS, N1 = 3 (reduced from 4.5), N2 = 3 (reduced from 5.5).
· For 60 kHz SCS, N1 = 7 (reduced from 9), N2 = 7 (reduced from 11).

120 kHz SCS (TDD)
TDD is considered as the duplexing mode to evaluate the PDSCH / PUSCH latency for 120 kHz SCS based on the agreed evaluation assumptions. The considered TDD slot pattern is [DDDDDDFFUUUUUU]. For the sake of simplicity, the F symbols are assumed to be D symbols for DL and U symbols for UL. With this assumption, PDCCH occasions pattern [1,0,1,0,1,0,1,0,0,0,0,0,0,0] and PUCCH pattern [0,0,0,0,0,0,0,0,0,1,0,1,0,1] are considered for DL. For UL, PDCCH occasions pattern [1,0,1,0,1,0,0,0,0,0,0,0,0,0] is considered.
Downlink:
Table 7 shows the worst-case latency for receiving a single-shot PDSCH transmission and two transmissions (initial and 1 re-tx) in downlink using the N1/N2 values of Rel. 15 UE capability 1 for 120 kHz SCS TDD (see Appendix A). The scenarios with latency higher than 1ms are highlighted. Table 8 presents the maximum values of N1 that can be applied to achieve 1ms latency for the corresponding highlighted cases in Table 7.
Table 7: Downlink UP latency (in ms) for Rel. 15 UE capability 1 
in TDD using the agreed evaluation assumptions.
	
	120 kHz

	2-symbol PDSCH
	Initial Tx
	0.5357

	
	1 reTx
	1.1786

	4-symbol PDSCH
	Initial Tx
	0.5625

	
	1 reTx
	1.2054

	7-symbol PDSCH
	Initial Tx
	0.5982

	
	1 reTx
	1.3482



Table 8: Maximum N1 (N2=N1) to satisfy 1 ms latency for the highlighted cases in Table 7.
	
	120 kHz

	2-symbol PDSCH
	1 reTx
	20 (need enhancement for N2)

	4-symbol PDSCH
	1 reTx
	20 (need enhancement for N2)

	7-symbol PDSCH
	1 reTx
	17



Uplink:
Configured grant PUSCH
The UL UP latency results for configured grant PUSCH and Rel. 15 N1/N2 are shown in Table 9 while Table 10 presents the maximum values of N2 that can be applied to achieve 1ms UL UP latency for the corresponding highlighted cases in Table 9.
Table 9: Uplink UP latency (in ms) for configured grant PUSCH and Rel. 15 UE capability 1 
in TDD using the agreed evaluation assumptions.
	
	120 kHz

	2-symbol PUSCH
	Initial Tx
	0.4107

	
	1 reTx
	1.0714

	4-symbol PUSCH
	Initial Tx
	0.4464

	
	1 reTx
	1.1071

	7-symbol PUSCH
	Initial Tx
	0.5089

	
	1 reTx
	1.2589



Table 10: Maximum N2 (N1=N2) to satisfy 1 ms latency for the highlighted cases in Table 9.
	
	120 kHz

	2-symbol PUSCH
	1 reTx
	25

	4-symbol PUSCH
	1 reTx
	23

	7-symbol PUSCH
	1 reTx
	19


Grant based PUSCH
Again, the grant based PUSCH scheduling is also considered for TDD with the UL UP latency results for Rel. 15 N1/N2 are shown in Table 11. The maximum values of N2 that can be applied to achieve 1ms UL UP latency for the corresponding highlighted cases in Table 11 are shown in Table 12. 
Table 11: Uplink UP latency (in ms) for grant based PUSCH and Rel. 15 UE capability 1 
in TDD using the agreed evaluation assumptions.
	
	120 kHz

	2-symbol PUSCH
	Initial Tx
	0.7768

	
	1 reTx
	1.4018

	4-symbol PUSCH
	Initial Tx
	0.7946

	
	1 reTx
	1.4196

	7-symbol PUSCH
	Initial Tx
	0.9196

	
	1 reTx
	1.6696



Table 12: Maximum N2 (N1=N2) to satisfy 1 ms latency for the highlighted cases in Table 11.
	
	120 kHz

	2-symbol PUSCH
	1 reTx
	16

	4-symbol PUSCH
	1 reTx
	14

	7-symbol PUSCH
	1 reTx
	11



Considering configured grant PUSCH for UL, we observe from Tables 8 and 10 that, in order to have one retransmission within 1ms for both DL and UL with 120 kHz SCS TDD, N2 should be reduced to 20 while no reduction is needed for N1. 
Observation 2: For 120 kHz SCS with configured grant PUSCH, the following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission of the considered TDD pattern:
· N1 = 20 (no reduction), N2 = 20 (reduced from 36).

Considering grant based PUSCH for UL, we observe from Tables 8 and 12 that both N1 and N2 should be reduced to 16 in order to have one retransmission within 1ms for both DL and UL. The maximum values of N1 and N2 in Tables 2, 4, 6, 8, 10 and 12 were found by plotting the latency versus N1/N2 and selecting the values such that 1ms latency can be achieved. Examples on how to select the maximum N1/N2 are shown in Figs 1-3. in Appendix B.
Observation 3: For 120 kHz SCS with grant based PUSCH, the following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission of the considered TDD pattern:
· N1 = 16(reduced from 20), N2 = 16 (reduced from 36).

One should note that the analysis above has not taken into account the effect of timing advance (TA), which would cause the DL and UL symbol boundary not to be fully aligned and would affect the overall latency. Therefore, to reach the desired latency target, the new N1/N2 values should consider the maximum intended TA as well. The maximum TA should include the effect of propagation delay (depending on the cell radius) and the UL to DL switching time at the gNB, with the latter being likely negligible compared to the former.
Proposal 3: Support an additional, more stringent UE processing capability 3 for PDSCH & PUSCH in Rel-16 according to the following table:
Table 13: Proposed UE processing capability 3.
	Processing time (symbols)
	Configuration
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	N1=N2
	Front-loaded DMRS/ Freq-first RE-mapping
	3 symbols – max(TA)
	7 symbols – max(TA)
	16 symbols – max(TA)


· FFS the determination of max(TA) for each SCS
UE’s CSI computation time
Another UE processing time that has been defined is the CSI computation time for aperiodic CSI reporting based on aperiodic CSI-RS resource. Aperiodic CSI reporting can be efficient by avoiding the high overhead associated with short periodicity for periodic/semi-persistent reporting. However, the CSI computation time in Rel-15 (included in the Appendix for reference) is similar to the PUSCH preparation time for capability 1, and it is quite large compared to the PDSCH/PUSCH processing time for capability 2. This implies that CSI computation time has not been optimized for capability 2 UEs. On one hand, it means larger delay in CSI reporting, which deteriorates link adaptation in general. On the other hand, for URLLC UEs, if we want to use UL grant to trigger aperiodic CSI report, the reporting time will have to come much later than a PUSCH carrying data only. This makes it impossible to trigger aperiodic CSI while schedule PUSCH URLLC at the same time. A similar issue would exist if we introduce aperiodic CSI triggering in DL assignment to be carried on PUCCH in Rel-16, but there the CSI preparation time is larger than the PDSCH processing time even for capability 1. Therefore, it is desirable to introduce another UE capability that supports smaller CSI computation time. To achieve lower CSI computation time, certain conditions or restrictions can be considered.
Proposal 4: Consider a UE capability that supports smaller A-CSI computation time. It can be further considered whether to attach certain conditions to the smaller CSI computation time.

Conclusion
In this contribution, we have discussed the UE processing timeline related issues. 
Based on the discussions on out-of-order scheduling and HARQ-Ack, we proposed the following:
Proposal 1: All Rel-16 UEs to support out-of-order PUSCH scheduling (i.e. a PUSCH scheduled through a later UL grant can be transmitted earlier than another PUSCH scheduled through an earlier UL grant). FFS out-of-order PDSCH scheduling.
Proposal 2: All Rel-16 UEs to support out-of-order HARQ-ACK.
(Note: Out-of-order HARQ-ACK means that for any two HARQ process IDs A and B for a given cell, the scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B, while the HARQ-ACK for B is expected to be transmitted earlier than the HARQ-ACK for A.)

From the analysis on the PDSCH/PUSCH processing time based on the agreed evaluation assumptions in [3], the following can be noted: 
Observation 1: The following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission for FDD:
· For 30 kHz SCS, N1 = 3 (reduced from 4.5), N2 = 3 (reduced from 5.5).
· For 60 kHz SCS, N1 = 7 (reduced from 9), N2 = 7 (reduced from 11).

Observation 2: For 120 kHz SCS with configured grant PUSCH, the following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission of the considered TDD pattern:
· N1 = 20 (no reduction), N2 = 20 (reduced from 36).

Observation 3: For 120 kHz SCS with grant based PUSCH, the following reduced UE processing time assumptions of N1/N2 would be needed to achieve a 1ms UP latency including one PDSCH/PUSCH retransmission of the considered TDD pattern:
· N1 = 16(reduced from 20), N2 = 16 (reduced from 36).

Proposal 3: Support an additional, more stringent UE processing capability 3 for PDSCH & PUSCH in Rel-16 according to the following table:
	Processing time (symbols)
	Configuration
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	N1=N2
	Front-loaded DMRS/ Freq-first RE-mapping
	3 symbols – max(TA)
	7 symbols – max(TA)
	16 symbols – max(TA)


· FFS the determination of max(TA) for each SCS
The discussions reduced CSI processing time can be summarized with the following proposal: 
Proposal 4: Consider a UE capability that supports smaller A-CSI computation time. It can be further considered whether to attach certain conditions to the smaller CSI computation time.
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Appendix A
The following are what is defined in Rel-15 for UE processing time.
Table 5.3-1: PDSCH processing time for PDSCH processing capability 1
	

	PDSCH decoding time N1 [symbols]

	
	dmrs-AdditionalPosition = pos0 in 
DMRS-DownlinkConfig in both of 
dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB
	dmrs-AdditionalPosition ≠ pos0 in 
DMRS-DownlinkConfig in either of 
dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB 
or if the high layer parameter is not configured

	0
	8
	13

	1
	10
	13

	2
	17
	20

	3
	20
	24



Table 5.3-2: PDSCH processing time for PDSCH processing capability 2
	

	PDSCH decoding time N1 [symbols]

	
	dmrs-AdditionalPosition = pos0 in 
DMRS-DownlinkConfig in both of 
dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB
	

	0
	3
	

	1
	4.5
	

	2
	9 for frequency range 1
	



Table 6.4-1: PUSCH preparation time for PUSCH timing capability 1
	

	PUSCH preparation time N2 [symbols]

	0
	10

	1
	12

	2
	23

	3
	36



Table 6.4-2: PUSCH preparation time for PUSCH timing capability 2
	

	PUSCH preparation time N2 [symbols]

	0
	5

	1
	5.5

	2
	11 for frequency range 1



Table 5.4-1: CSI computation delay requirement 1
	

	Z1 [symbols]

	
	Z1
	Z'1

	0
	10
	8

	1
	13
	11

	2
	25
	21

	3
	43
	36



Table 5.4-2: CSI computation delay requirement 2
	

	Z1 [symbols]
	Z2 [symbols]

	
	Z1
	Z'1
	Z2
	Z'2

	0
	22
	16
	40
	37

	1
	33
	30
	72
	69

	2
	44
	42
	141
	140

	3
	97
	85
	152
	140



Appendix B
In this appendix, we select some examples to illustrate how the maximum N1/N2 in Tables 2, 4, 6 and 8 were selected.
[image: ]
Fig. 1: Latency vs. N1 (with N2=N1) for 30 kHz SCS, FDD, DL, 4 PDCCH occasions and 2-symbol PDSCH.
[image: ]
Fig. 2: Latency vs. N2 (with N1=N2) for 60 kHz SCS, FDD, UL (configured grant), 4 PDCCH occasions and 7-symbol PUSCH.
[image: ]
Fig. 3: Latency vs. N1 (with N2=N1) for 120 kHz SCS, TDD, DL and 4-symbol PDSCH.
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