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1	Introduction
The ITU target for URLLC reliability in IMT-2020 is set to 99.999% with one-way latency of 1ms for a small packet of size 32B [1]. 
In this contribution, we provide the updated evaluation for NR URLLC latency with different configurations and show that the 1 ms target can be reached in both FDD and TDD. Since the ITU target for reliability is coupled with latency requirement, the latency evaluation results here can be used to imply the number of transmissions including retransmissions possible within the latency limit.
This contribution is a resubmission of R1-1905191.
[bookmark: _Ref178064866]2	Discussion
In the following we will analyze the worst-case user plane latency after the first transmission and up to 3 retransmissions. We will follow the ITU definition [1] of UP latency as being defined from L2/L3 ingress to L2/L3 egress points.
2.1	Assumptions
Since the latency evaluation depends on several latency components as illustrated in Figure 1. In this contribution, we follow the agreed assumptions of UE and gNB processing time, transmission occasions in a slot, transmission periodicity in a slot, etc in the Rel-16 URLLC SI for studying the need to introduce new PDSCH and PUSCH processing timelines (also given below). UE processing time from receiving PDSCH to transmitting PUCCH and from receiving PDCCH to transmitting PUSCH depend on N1 and N2 values (see Tables 1 and 2). We use UE capability#2 for N1 and N2 in the evaluation, except for 120 kHz SCS where only UE processing capability #1 was defined. 
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Figure 1: Illustration of latency components for DL and UL data.

	Agreements:
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-transmission 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.




[bookmark: _Ref517253904]Table 1. Rel. 15 PDSCH processing time in OFDM symbols for the UE capabilities with only front-loaded DMRS.
	#Symbols
	

	
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	Capability #1
	8
	10
	17
	20

	Capability #2
	3
	4.5
	9 (for FR1)
	-



[bookmark: _Ref515629795]Table 2: Rel. 15 PUSCH preparation procedure time.
	#Symbols
	

	
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	Capability #1
	10
	12
	23
	36

	Capability #2
	5
	5.5
	11 (for FR1)
	-



2.2	FDD Latency
Evaluation results are shown below for Rel. 15 UE capability #2 with the assumption of 4 PDCCH monitoring occasions per slot where PDCCH monitoring occasion pattern are given as [1,0,0,0,1,0,0,0,1,0,0,0,1,0]. 
In addition to the assumptions in Section 2.1, we consider also the cases with 14os duration PDSCH/PUSCH. The gNB processing time for 15 kHz SCS is assumed to be similar to those of other SCSs but with X=0.
Table 3 provides the worst-case latency for DL, SR-based UL, and configured grant UL transmissions in FDD. The worst-case latency corresponds to the worst-case arrival time in a slot that contribute to the worst alignment delays (due to slot boundary limitation, waiting time for valid PDCCH monitoring occasion, valid PUCCH transmission occasion, valid SR transmission occasions, etc.). The green highlighted cells show the cases which satisfy the 1ms latency requirement, while the orange highlighted cells correspond to cases satisfying a more relaxed 4 ms latency target. 

Table 3. Worst case FDD latency with Rel-15 UE capability #2 and 4 PDCCH monitoring occasions 
	Latency (ms)
	Number of transmissions (incl. HARQ retransmissions)
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS

	
	
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI

	DL 



	1
	2.39
	1.61
	1.18
	0.89
	1.33
	0.94
	0.72
	0.58
	0.83
	0.63
	0.53
	0.46

	
	2
	4.39
	2.89
	2.18
	1.89
	2.83
	1.94
	1.51
	1.29
	1.58
	1.21
	1.10
	0.96

	
	3
	6.39
	4.61
	3.18
	2.89
	4.33
	2.94
	2.29
	1.94
	2.33
	1.88
	1.67
	1.46

	
	4
	8.39
	5.89
	4.18
	3.89
	5.83
	3.94
	3.01
	2.58
	3.08
	2.46
	2.28
	1.96

	SR-based UL 
	1
	2.82
	1.89
	1.39
	1.25
	1.72
	1.12
	1.01
	0.83
	1.08
	0.81
	0.69
	0.65

	
	2
	4.82
	3.18
	2.39
	2.25
	3.22
	1.97
	1.72
	1.47
	1.83
	1.42
	1.26
	1.15

	
	3
	6.82
	4.32
	3.39
	3.25
	4.72
	2.83
	2.51
	2.12
	2.58
	2.06
	1.83
	1.65

	
	4
	8.82
	5.89
	4.39
	4.25
	6.22
	3.62
	3.22
	2.69
	3.33
	2.67
	2.40
	2.15

	Configured grant UL


	1
	2.29
	1.29
	1.00
	0.57
	1.25
	0.75
	0.61
	0.39
	0.75
	0.50
	0.43
	0.32

	
	2
	4.29
	2.79
	2.00
	1.57
	2.75
	1.54
	1.39
	1.07
	1.50
	1.13
	0.96
	0.86

	
	3
	6.29
	4.07
	3.00
	2.57
	4.25
	2.50
	2.11
	1.71
	2.25
	1.75
	1.54
	1.36

	
	4
	8.29
	5.29
	4.00
	3.57
	5.75
	3.25
	2.89
	2.36
	3.00
	2.38
	2.11
	1.86




[bookmark: _Toc4769477]URLLC latency requirement of 1 ms can be fulfilled by NR Rel-15 for both DL and UL transmissions in FDD with 30 kHz SCS. 

2.2 TDD Latency
Next, we present the worst-case latency in TDD where the DL/UL configuration in a TDD slot is assumed to be  [D,D,D,D,D,D,D,G,U,U,U,U,U,U] for DL latency evaluation, while for UL latency evaluation, we assume [D,D,D,D,D,D,G,U,U,U,U,U,U,U], where G is a guard symbol.

Table 4. Worst case TDD latency with Rel-15 Capability #1 and 4 PDCCH monitoring occasions
	Latency (ms)
	HARQ
	120kHz SCS

	
	
	7-os TTI
	4-os TTI
	2-os TTI

	DL 



	1 transmission
	0.60
	0.60
	0.55

	
	2 transmissions
	1.35
	1.35
	1.21

	
	3 transmissions
	2.10
	2.10
	1.93

	
	4 transmissions
	2.85
	2.85
	2.59

	SR-based UL 
	1 transmission
	0.95
	0.90
	0.88

	
	2 transmissions
	1.70
	1.54
	1.53

	
	3 transmissions
	2.45
	2.17
	2.15

	
	4 transmissions
	3.20
	2.79
	2.78

	Configured grant UL


	1 transmission
	0.51
	0.48
	0.43

	
	2 transmissions
	1.26
	1.12
	1.06

	
	3 transmissions
	2.01
	1.74
	1.69

	
	4 transmissions
	2.76
	2.37
	2.31



[bookmark: _Toc525925733][bookmark: _Toc525925508][bookmark: _Toc525927152][bookmark: _Toc525928700][bookmark: _Toc525928851][bookmark: _Toc4769478]URLLC latency requirement of 1 ms can be fulfilled by NR Rel-15 in TDD for both DL and UL transmissions.
[bookmark: _Toc4769479]If the latency target is relaxed to e.g. 4 ms, there are several more possible cases including multiple retransmissions fulfilling the latency target.

Conclusion
In the previous sections we made the following observations: 
Observation 1	URLLC latency requirement of 1 ms can be fulfilled by NR Rel-15 for both DL and UL transmissions in FDD with 30 kHz SCS.
Observation 2	URLLC latency requirement of 1 ms can be fulfilled by NR Rel-15 in TDD for both DL and UL transmissions.
Observation 3	If the latency target is relaxed to e.g. 4 ms, there are several more possible cases including multiple retransmissions fulfilling the latency target.
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