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Introduction
Given the stringent requirements for eURLLC as compared to a lower priority traffic types such as eMBB, the processing timeline of the UE and gNB should be enhanced in order to satisfy the requirements. In this context, the gains from the following enhancements can be considered:
· Introducing a new UE PDSCH processing procedure time for eURLLC (N1 for capability timing 3)
· Introducing a new UE PUSCH preparation procedure time for eURLLC (N2 for capability timing 3)
· Introducing a new UE CSI computation time for eURLLC (Z and Z’ for CSI delay requirement 3)
· Allowing for out-of-order HARQ and scheduling operations

In RAN1 #95, the following agreement regarding the introduction of the eURLLC specific N1 and N2 values was reached:
Agreements:
· In order to evaluate the necessity to introduce a new N1/N2 timing capability in Rel. 16 eURLLC, the following aspects should be considered:
· Perform latency analysis to identify the set of scheduling configuration parameters for which the eURLLC latency requirement(s) can/cannot be satisfied under the NR Rel. 15 timing capabilities.
· To do this, the worst-case achievable latency should be considered.
· Perform system-level and/or link-level evaluations to investigate the gains brought by reducing N1/N2 and allowing for more (re-)transmissions within the eURLLC latency budget.
· For system-level evaluation, the performance metrics agreed for Rel. 16 eURLLC SI are applied.
· For link-level evaluation, at least the resource efficiency, i.e., the average number of REs used for completing the transmission of a TB, should be reported. The number of transmissions for successfully decoding a TB and the target BLER for each transmission should be reported.
· For both system-level and link-level evaluations, the simulation parameters agreed for Rel. 16 eURLLC SI are the baseline.
· For all aspects, the comparison reference point is Rel. 15 NR capability timing 2 for FR1 and Rel. 15 NR capability timing 1 for FR2.
· For all aspects, companies should report the assumed values for the following parameters:
· Alignment latency 
· The considered N1/N2 values
· SR periodicity in case the first PUSCH Tx is based on a dynamic grant
· SR reception to initial PUSCH grant processing time at the gNB
· PDCCH monitoring periodicity 
· The number of BDs/non-overlapping CCEs per monitoring occasion should be reported.
· For the purpose of this study, the possibility of enhancing the number of non-overlapping CCEs/BDs for NR eURLLC can be considered.
· Type-B time-domain allocation length for PDSCH/PUSCH channels 
· Time-domain allocation length for PDCCH, SR and PUCCH
· UE and gNB PDSCH/PUSCH decoding time
· The HARQ-ACK to reTx PDCCH  and PUSCH to reTx PDCCH processing time at the gNB 
· The maximum number of possible PUCCH transmissions carrying HARQ-ACK per slot
· Companies can report operation constraints (e.g., compact DCI, TB size, #RBs, #layers, #CCs, etc.) needed to enable reducing N1/N2.
· Note: If TDD is assumed, the DL/UL configurations should be reported.

In this paper, we show the gains from reducing the processing timeline in DL and UL for both SR based and grant-free uplink. We further provide some details on the consideration that should be accounted for introducing a new CSI preparation timeline. Finally, we discuss the possibility for allowing out-of-order HARQ and scheduling across traffic types of different priority.  
UE PDSCH Processing Procedure Time for eURLLC
In this section, we compare the DL latency under the Rel. 15 compliant processing time N1 and the new N1 values considered for eURLLC. 
· Note: The new processing timeline values are only considered for the purpose of this study. If new processing capability is adopted, the required limitations and exact values can further be discussed.

Here, for comparison, we consider two SCS values: 15KHz and 30KHz. Also, we consider PDSCH with type B allocation and length of 2, 4 and 7 symbols. A one symbol overlap between PDCCH and PDSCH is assumed. The N1 values are given in the following tables:
Rel. 15 Scenario:

Table 1: N1 values under capability timing 2 of NR Rel. 15 for SCS = 15KHz.
	SCS
	PDSCH Length
	PDCCH Overlap
	N1

	15KHz
	2
	1
	4

	15KHz
	4
	1
	4

	15KHz
	7
	1
	3



 Table 2: N1 values under capability timing 2 of NR Rel. 15 for SCS = 30KHz.
	SCS
	PDSCH Length
	PDCCH Overlap
	N1

	30KHz
	2
	1
	5.5

	30KHz
	4
	1
	5.5

	30KHz
	7
	1
	4.5




Rel. 16 Scenario:
Table 3: N1 values under capability timing 3 of NR Rel. 16 for SCS = 15KHz.
	SCS
	PDSCH Length
	PDCCH Overlap
	N1

	15KHz
	2
	1
	2

	15KHz
	4
	1
	2

	15KHz
	7
	1
	1



Table 3: N1 values under capability timing 3 of NR Rel. 16 for SCS = 30KHz.
	SCS
	PDSCH Length
	PDCCH Overlap
	N1

	30KHz
	2
	1
	3

	30KHz
	4
	1
	3

	30KHz
	7
	1
	2



For each of the scenarios, we also consider the following cases:
Case 1:
	PDSCH Length
	PDCCH Overlap
	PDCCH/slot
	PDCCH length
	PUCCH length
	#HARQ/slot
	HARQ-to-PDCCH @gNB
	UE Decoding time

	2
	1
	7
	1
	1
	7
	N1
	N1



Case 2: 
	PDSCH Length
	PDCCH Overlap
	PDCCH/slot
	PDCCH length
	PUCCH length
	#HARQ/slot
	HARQ-to-PDCCH @gNB
	UE Decoding time

	4
	1
	4
	1
	1
	4
	N1
	N1







Case 3:
	PDSCH Length
	PDCCH Overlap
	PDCCH/slot
	PDCCH length
	PUCCH length
	#HARQ/slot
	HARQ-to-PDCCH @gNB
	UE Decoding time

	7
	1
	2
	1
	1
	2
	N1
	N1



Then, we compare the following cases in terms of (1) number of transmissions within the latency bound of 1ms, and (2) overall latency to complete 2 transmissions for SCS of 15KHz and 30KHz:
· Rel. 15 scenario under case 1
· Rel. 15 scenario under case 2
· Rel. 15 scenario under case 3
· Rel. 16 scenario under case 1
· Rel. 16 scenario under case 2
· Rel. 16 scenario under case 3

The illustration on how the latency values are derived are given in the Appendix (DL latency analysis.) The results are given in the Tables 2 and 3: 
Table 2: Number of completed transmissions per 1ms for both scenarios and 3 cases. 
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	1
	2

	Rel. 16 scenario under case 1
	2
	3

	Rel. 15 scenario under case 2
	1
	1

	Rel. 16 scenario under case 2
	1
	2

	Rel. 15 scenario under case 3
	0
	1

	Rel. 16 scenario under case 3
	0
	1



Observation 1: Except for case 2 and 3 with SCS = 15KHz and case 3 with SCS = 30KHz, reducing the N1 value enables 1 extra transmission to be completed within the latency bound of 1ms as compared to the N1 with capability timing 2 of NR Rel. 15.




Table 2: Totla latency (in #symb.) to complete 2 transmissions for both scenarios and 3 cases. The gains (X%) are derived for each specific case under Rel. 16 scenario as compared to the Rel. 15 scenario.
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	20
	25.5

	Rel. 16 scenario under case 1
	14 (+30%)
	17 (+33%)

	Rel. 15 scenario under case 2
	28
	33.5

	Rel. 16 scenario under case 2
	26 (+7%)
	27 (+16%)

	Rel. 15 scenario under case 3
	30
	39.5

	Rel. 16 scenario under case 3
	28 (+7%)
	30 (+24%)



Observation 2: Except for case 2 and 3 with SCS = 15KHz, reducing the N1 value brings significant gain in terms of overall latency for completing two transmissions. 
Based on these two observations, we propose:
Proposal 1: Support a new UE PDSCH processing procedure time for Rel. 16 eURLLC users at least for the following cases:
· Type-B allocation with length 2/4/7 under SCS = 30KHz
· Type-B allocation with length 2/4 under SCS = 15KHz.

Finally, it should be noted that introducing the new timeline for eURLLC users will likely call for additional operational constraints such as the number of CORESETs, the number of BDs/CCEs per PDCCH monitoring occasions, TBS, number of layers, etc.. These constraints should be carefully considered and specified.
Proposal 2: If the new UE PDSCH processing procedure time for Rel. 16 eURLLC users is introduced, RAN1 should study the additional operational constraints such as the number of CORESETs, the number of BDs/CCEs per PDCCH monitoring occasions, TBS and number of layers.
UE PUSCH Preparation Procedure Time for SR-Based eURLLC
In this section, we compare the UL latency under the Rel. 15 compliant processing time N2 and the new N2 values considered for eURLLC for SR-based transmission. Similar to the preceding section, it should be noted that: 
· Note: The new processing timeline values are only considered for the purpose of this study. If new processing capability is adopted, the required limitations and exact values can further be discussed.

Here, for comparison, we consider two SCS values: 15KHz and 30KHz. Also, we consider PUSCH with length 2 and 7. The N2 values are given in the following tables:


Rel. 15 Scenario:
Table 1: N2 values under capability timing 2 of NR Rel. 15 for SCS = 15KHz and 30KHz.
	SCS
	PUSCH Length
	N2
	d2,1
	d2,2

	15KHz
	2,7
	5
	0
	0

	30KHz
	2,7
	5.5
	0
	0



Rel. 16 Scenario:
Table 3: N2 values under capability timing 3 of NR Rel. 16 for SCS = 15KHz and 30KHz.
	SCS
	PUSCH Length
	N2
	d2,1
	d2,2

	15KHz
	2,7
	2.5
	0
	0

	30KHz
	2,7
	2.5
	0
	0



We further consider the following cases:
Case 1:
	PUSCH Length
	PDCCH/slot
	PDCCH length
	SR length
	#SR/slot
	SR to grant
	Gap between two SRs
	PUSCH to grant at gNB (N4)
	gNB decoding time

	2
	7
	1
	1
	7
	0.5*N4
	1
	N2
	N2



Case 2: 
	PUSCH Length
	PDCCH/slot
	PDCCH length
	SR length
	#SR/slot
	SR to grant
	Gap between two SRs
	PUSCH to grant at gNB (N4)
	gNB decoding time

	7
	2
	1
	1
	7
	0.5*N4
	1
	N2
	N2







Case 3:
	PUSCH Length
	PDCCH/slot
	PDCCH length
	SR length
	#SR/slot
	SR to grant
	Gap between two SRs
	PUSCH to grant at gNB (N4)
	gNB decoding time

	7
	2
	1
	1
	2
	0.5*N4
	6
	N2
	N2



Then, we compare the following cases in terms of (1) number of transmissions within the latency bound of 1ms, and (2) overall latency to complete 2 transmissions for SCS of 15KHz and 30KHz:
· Rel. 15 scenario under case 1
· Rel. 15 scenario under case 2
· Rel. 15 scenario under case 3
· Rel. 16 scenario under case 1
· Rel. 16 scenario under case 2
· Rel. 16 scenario under case 3

The illustration on how the latency values are derived are given in the Appendix (UL SR-based latency analysis.) The results are given in the Tables 4 and 5: 
Table 4: Number of completed transmissions per 1ms for both scenarios and 3 cases. 
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	0
	1

	Rel. 16 scenario under case 1
	0
	1

	Rel. 15 scenario under case 2
	0
	1

	Rel. 16 scenario under case 2
	0
	1

	Rel. 15 scenario under case 3
	0
	0

	Rel. 16 scenario under case 3
	0
	1



Observation 3: Except for case 3 with SCS = 30KHz, reducing the N2 value does not enable more transmisions within the latency budget of 1ms.


Table 5: Totla latency (in #symb.) to complete 2 transmissions for both scenarios and 3 cases. The gains (X%) are derived for each specific case under Rel. 16 scenario as compared to the Rel. 15 scenario.
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	33
	36.5

	Rel. 16 scenario under case 1
	23.5 (+29%)
	23.5 (+36%)

	Rel. 15 scenario under case 2
	46
	47.5

	Rel. 16 scenario under case 2
	41.5 (+10%)
	41.5 (+13%)

	Rel. 15 scenario under case 3
	54
	54.5

	Rel. 16 scenario under case 3
	42 (+23%)
	42 (+23%)



Observation 4: In all the cases, reducing the uplink preparation time provides significant gains in terms of reducing the time needs to complete two SR-based transmissions. 
Based on Observation 4, we propose:
Proposal 2: Support a new UE PUSCH preparation procedure time for Rel. 16 eURLLC users under SR-based transmissions. 
UE PUSCH Preparation Procedure Time for Grant-Free eURLLC
In this section, the same N2 values considered in the preceding section is assumed, and the following cases are considered:
· Case 1: 2-symbol PUSCH, 7 PDCCH monitoring occasions  per slot, 1 symbol PDCCH, 2-symbol alignment latency
· Case 2: 7-symbol PUSCH, 2 PDCCH monitoring occasions  per slot, 1 symbol PDCCH, 7-symbol alignment latency

In both cases, the PUSCH-to-grant and gNB decoding timeline is equal to the value of N2. Then, we compare the following cases in terms of (1) number of transmissions within the latency bound of 1ms, and (2) overall latency to complete 2 transmissions for SCS of 15KHz and 30KHz:
· Rel. 15 scenario under case 1
· Rel. 15 scenario under case 2
· Rel. 16 scenario under case 1
· Rel. 16 scenario under case 2





Table 6: Number of completed transmissions per 1ms for both scenarios and 2 cases. 
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	1
	2

	Rel. 16 scenario under case 1
	1
	3

	Rel. 15 scenario under case 2
	0
	1

	Rel. 16 scenario under case 2
	0
	1



Table 7: Totla latency (in #symb.) to complete 2 transmissions for both scenarios and 2 cases. The gains (X%) are derived for each specific case under Rel. 16 scenario as compared to the Rel. 15 scenario.
	Scenario/case
	SCS = 15KHz
	SCS = 30KHz

	Rel. 15 scenario under case 1
	23
	25.5

	Rel. 16 scenario under case 1
	16.5 (+28%)
	16.5 (+35%)

	Rel. 15 scenario under case 2
	40
	40

	Rel. 16 scenario under case 2
	37.5 (+6%)
	37.5 (+7.5%)



Proposal 3: Considering the results of Tables 6-7, support a new UE PUSCH preparation procedure time for Rel. 16 eURLLC users for GF transmissions at least for the PUSCH duration of 2 symbols. 
CSI Computation Time for eURLLC
Another avenue for URLLC enhancement to explore in Rel. 16 is to reduce the CSI computation timeline. Currently, the NR CSI computation timelines for delay requirement 1 (defined as Z and Z’ in Table 5.4-1 of TS 38.214) are almost the same as the PUSCH preparation times for timing capability 1. These values are much larger than the PUSCH preparation times for timing capability 2. Hence, as part of the Rel. 16 eURLLC design efforts, RAN1 can study the gains and limitations needed to reduce the CSI preparation timelines.  
To facilitate the preparation time reduction, some relaxation can be introduced. As an example, the fastest CSI timeline of Rel. 15 assumes up to four CSI-RS ports for CSI computation; hence, the number of ports can be reduced. Another approach to relax the CSI computation burden is to rely on the DL (control/data) DMRS for updating the CSI; such a scheme relies solely on the SINR derived from DMRS, which is made available for data/control decoding. 
[bookmark: _Hlk525925817]Proposal 4: Consider reducing the CSI computation timeline for Rel. 16 eURLLC only if the achievable performance gains are considerable. To reduce the timelines, RAN1 should study the operational constraints that are required.
Out-of-Order HARQ and Scheduling for eURLLC
In the current Rel. 15 specification, the following procedures should be in order:
1. For a given scheduled cell and a HARQ process, PDSCH to HARQ-ACK
2. For a given serving cell and any two HARQ process, PDCCH to PDSCH
3. For any scheduled cell and any two HARQ process, PDCCH to PUSCH
4. For any HARQ process, PDCCH with C-RNTI or MCS-RNTI to PUSCH.

Considering the shorter scheduling time for eURLLC, under the abovementioned constraints, the eMBB and eURLLC can coexist on different carriers. Such capabilities are already defined in NR Rel. 15 for a UE supporting timing capability 1 and 2. The only drawback could be that by allocating a subset of serving cells to eMBB, the eMBB performance may degrade. An alternative solution is to remove all or some of the constraints, and allow for out-of-order scheduling and HARQ reporting for channels associated with different traffic types. Although this approach could be beneficial, especially when eURLLC traffic is bursty, it comes with additional UE complexities. In particular, the UE should be able to interrupt an ongoing processing when eURLLC grant arrives.  
Proposal 5: Before allowing for out-of-order operation for NR eURLLC, RAN1 should study the tradeoff between its additional UE complexity and the possible achievable gains. 
Conclusion
[bookmark: _Ref450583331]Observation 1: Except for case 2 and 3 with SCS = 15KHz and case 3 with SCS = 30KHz, reducing the N1 value enables 1 extra transmission to be completed within the latency bound of 1ms as compared to the N1 with capability timing 2 of NR Rel. 15.
Observation 2: Except for case 2 and 3 with SCS = 15KHz, reducing the N1 value brings significant gain in terms of overall latency for completing two transmissions. 
Proposal 1: Support a new UE PDSCH processing procedure time for Rel. 16 eURLLC users at least for the following cases:
· Type-B allocation with length 2/4/7 under SCS = 30KHz
· Type-B allocation with length 2/4 under SCS = 15KHz.
Proposal 2: If the new UE PDSCH processing procedure time for Rel. 16 eURLLC users is introduced, RAN1 should study the additional operational constraints such as the number of CORESETs, the number of BDs/CCEs per PDCCH monitoring occasions, TBS and number of layers.
Observation 3: Except for case 3 with SCS = 30KHz, reducing the N2 value does not enable more transmisions within the latency budget of 1ms.
Observation 4: In all the cases, reducing the uplink preparation time provides significant gains in terms of reducing the time needs to complete two SR-based transmissions. 
Proposal 2: Support a new UE PUSCH preparation procedure time for Rel. 16 eURLLC users under SR-based transmissions. 
Proposal 3: Considering the results of Tables 6-7, support a new UE PUSCH preparation procedure time for Rel. 16 eURLLC users for GF transmissions at least for the PUSCH duration of 2 symbols. 
Proposal 4: Consider reducing the CSI computation timeline for Rel. 16 eURLLC only if the achievable performance gains are considerable. To reduce the timelines, RAN1 should study the operational constraints that are required.
Proposal 5: Before allowing for out-of-order operation for NR eURLLC, RAN1 should study the tradeoff between its additional UE complexity and the possible achievable gains. 
Appendix: DL Latency Analysis 
In this section, we present the figures to show that how the latency values presented in Section 2 are derived.
[bookmark: _Hlk534902666]
Rel. 15 Scenario under Case 1 and SCS = 15KHz:




Rel. 15 Scenario under Case 2 and SCS = 15KHz:



Rel. 15 Scenario under Case 3 and SCS = 15KHz:
[image: ]

Rel. 15 Scenario under Case 1 and SCS = 30KHz:
[image: ]

Rel. 15 Scenario under Case 2 and SCS = 30KHz:





Rel. 15 Scenario under Case 3 and SCS = 30KHz:



Rel. 16 Scenario under Case 1 and SCS = 15KHz:
[image: ]

Rel. 16 Scenario under Case 2 and SCS = 15KHz:



Rel. 16 Scenario under Case 3 and SCS = 15KHz:
[image: ]

Rel. 16 Scenario under Case 1 and SCS = 30KHz:
[image: ]

Rel. 16 Scenario under Case 2 and SCS = 30KHz:



Rel. 16 Scenario under Case 3 and SCS = 30KHz:
[image: ]

Appendix: UL SR-Based Latency Analysis 
Rel. 15 Scenario under Case 1 and SCS = 15KHz:



Rel. 15 Scenario under Case 2 and SCS = 15KHz:



Rel. 15 Scenario under Case 3 and SCS = 15KHz:



Rel. 15 Scenario under Case 1 and SCS = 30KHz:



Rel. 15 Scenario under Case 2 and SCS = 30KHz:



Rel. 15 Scenario under Case 3 and SCS = 30KHz:












Rel. 16 Scenario under Case 1 and SCS = 15KHz and SCS = 30KHz (N2 is the same for both):



Rel. 16 Scenario under Case 2 and SCS = 15KHz and SCS = 30KHz (N2 is the same for both):



Rel. 16 Scenario under Case 3 and SCS = 15KHz and SCS = 30KHz (N2 is the same for both):


Appendix: UL Grant-Free Latency Analysis 



Rel. 15 Scenario under Case 1 and SCS = 15KHz:



Rel. 15 Scenario under Case 2 and SCS = 15KHz:



Rel. 15 Scenario under Case 1 and SCS = 30KHz:




Rel. 15 Scenario under Case 2 and SCS = 30KHz:



Rel. 16 Scenario under Case 1 and SCS = 15KHz and 30KHz (both have the same N2):



Rel. 16 Scenario under Case 2 and SCS = 15KHz and 30KHz (both have the same N2):
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