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1	Introduction
In June 2018’s RAN Plenary meeting, the eURLLC study item [1] was approved. The objective of the study item is to study reliability and latency performance supported by NR Rel-15 and identify further enhancements if needed to achieve the requirements. This study item aims to investigate methods to further improve reliability and reduce latency for different use cases (such as factory automation, transport industry and electrical power distribution) that have different requirements potentially stricter than ones considered in Rel-15. 
In the RAN1#93 for NR Rel. 15 [2], details for UE processing capability#2 were discussed and following agreements were made. 

	[bookmark: _Hlk534912347]Agreements:
The Capability #2 for (Aggressive) UE processing time in Rel-15 is supported under the following conditions
· Non-CA
· Note: this does not preclude EN-DC
· FFS CA case with Capability #2 supported on only one or more of the carriers, and potential handling of some special cases
· Single numerology for PDCCH, PDSCH, and PUSCH for the serving cell
· PDSCH/PUSCH allocation with mapping Type A and Type B
· For PDSCH mapping type A with last PDSCH symbol ending in symbol ‘i' of a slot, where i < 7 
· N1 processing time is increased by (7-i) relative to the case where i=7.
· (Working assumption) For PDSCH mapping type B with 4 or 2 symbols
· N1 processing time is increased by ‘d’ symbols relative to the case of PDSCH with 7 symbols, where ‘d’ is the amount of time-domain overlap in symbols between the scheduling PDCCH and the scheduled PDSCH
· FFS: handling of 3-symbol CORESET where first 2 symbols of CORESET are overlapped with a 2-symbol PDSCH
· No UCI multiplexing
· FFS: whether similar multiplexing rule as with Capability #1 may be included
· For C-RNTI
· FFS: simultaneous reception with broadcast PDSCH
· Note: The UE signals whether Capability #2 is supported for each SCS, and separately for uplink and downlink




	Agreements:
The Capability #2 UE processing times are given below, where the PDSCH allocation length is assumed to be at least 7 symbols.
· N1
· 15kHz: N1 = 3
· 30kHz: N1 = 4.5
· Note: as part of UE capability, 
· UE may report support with maximum scheduled RB allocation of 136 RBs
· If RB allocation by scheduling exceeds the maximum signaled, UE defaults to Capability #1 processing time
· OR UE may report support with no restriction on maximum scheduled RB allocation
· 60kHz for FR1: 9
· N2 	
· 15kHz: N2 = 5 for CP-OFDM & For DFT-S-OFDM
· 30kHz: N2 = 5.5
· 60kHz for FR1: 11
· If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2.




Further agreements are made on RAN1#95 as evaluation guide line. In addition, an agreement from the follow-up email discussion on converging the proposals for eURLLC processing timeline was reached [3]. 
	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-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.




In this contribution we first evaluate the baseline URLLC latency assuming NR Rel. 15 design and extend the evaluation to potential enhancements of Rel-16, then discuss methods that can further improve the timeline with respect to scheduling and HARQ and CSI transmission.
The evaluations of HARQ processing timeline follow the agreed assumptions in [3].
[bookmark: _Ref178064866]2	Discussion
This contribution includes a latency analysis of the FDD cases according to the recently finished email discussion (TDD results will be submitted next week).
2.1 Latency evaluation
The evaluation considers different transmission scenarios such as DL data, SR-based UL data, and configured grant UL data transmission in FDD and TDD. We perform latency analysis of different transmission duration options (i.e., 2,4,7 symbol PxSCH duration) for 30 and 60 kHz SCS in FDD, and 120 kHz in TDD, with the goal of meeting the latency requirement, e.g., 1 ms.
The evaluation is based on assumptions of
· Number of PDCCH monitoring occasions in a slot (PDCCH periodicity)
· PDCCH duration
· Number of PUCCH carrying HARQ-ACK per slot 
· SR occasions per slot (SR periodicity)
· Configured grant PUSCH occasions per slot
· UE processing capability and
· gNB processing time
all of which follow the main assumptions in [3].

For Rel. 15 latency evaluation, we use UE processing capability #2 for 30 and 60 kHz SCS and UE capability #1 for 120 kHz SCS. To further improve latency in NR Rel. 16, we consider potential improved UE processing time (e.g. UE capability #3) targeting eURLLC use cases [1]. This includes e.g. more aggressive values for N1 and N2 at 30, 60, and 120 kHz SCS. 
2.1.1 Assumptions on processing time and alignment delay
2.1.1.1 Processing time
The baseline for the UE processing times between receiving PDSCH and providing HARQ feedback, and between receiving a dynamic grant and transmitting PUSCH are according to capability #2 (Tables 1 and 2). For DL, the UE decoding time for the last PDSCH is assumed to be N1 + d_1,1. While for configured grant UL, the latency of the initial transmission includes the UE’s processing time given as UE’s N2/2.
The gNB processing times assumed for the evaluation follows the main assumptions in [3], i.e.,  
· 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.

· 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.

· gNB’s processing time for SR is UE’s N1.
[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)
	-



2.1.1.2 Alignment delay
The alignment delay is the time required after the payload data is ready for transmission until transmission can start. Depending on when data arrives at the UE or gNB, the alignment delay varies. Alignment delay also includes waiting for the valid PDCCH monitoring occasion and scheduling constraint due to slot boundaries. In order to capture the worst-case alignment delay, all possible arrival times with a slot (or a set of TDD slots with period pattern) are considered, and the one with the largest latency is reported in the latency evaluations below.

In the following we will analyze the UP latency after a first transmission and up to 3 HARQ retransmissions. We will follow the ITU definition of UP latency, i.e., the latency is measured from L2/L3 ingress to L2/L3 egress.

[image: ]
Figure 1: Illustration of latency components for DL and UL data.
2.1.2 Latency analysis for FDD
2.1.2.1 Rel. 15 Capability #2 for FR1
Evaluation results are shown below for Rel. 15 capability #2 with two different numbers of PDCCH monitoring occasions per slot = 4 and 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];

In the tables, green highlights show the cases that satisfy the 1ms latency requirement Rel-15 mechanism.
Table 3. Worst case latency with Rel-15 Capability #2 and 4 PDCCH monitoring occasions
	Latency (ms)
	HARQ
	30kHz SCS
	60kHz SCS

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

	DL data



	1 transmission
	0.94
	0.72
	0.58
	0.63
	0.53
	0.46

	
	2 transmissions
	1.94
	1.51
	1.29
	1.21
	1.10
	0.96

	
	3 transmissions
	2.94
	2.29
	1.94
	1.88
	1.67
	1.46

	
	4 transmissions
	3.94
	3.01
	2.58
	2.46
	2.28
	1.96

	UL data (SR)
	1 transmission
	1.12
	1.01
	0.83
	0.81
	0.69
	0.65

	
	2 transmissions
	1.97
	1.72
	1.47
	1.42
	1.26
	1.15

	
	3 transmissions
	2.83
	2.51
	2.12
	2.06
	1.83
	1.65

	
	4 transmissions
	3.62
	3.22
	2.69
	2.67
	2.40
	2.15

	UL data (Configured grant)


	1 transmission
	0.75
	0.68
	0.39
	0.50
	0.46
	0.32

	
	2 transmissions
	1.54
	1.39
	1.07
	1.13
	1.04
	0.86

	
	3 transmissions
	2.50
	2.11
	1.71
	1.75
	1.61
	1.36

	
	4 transmissions
	3.25
	2.89
	2.36
	2.38
	2.18
	1.86



Table 4. Worst case latency with Rel-15 Capability #2 and 7 PDCCH monitoring occasions
	Latency (ms)
	HARQ
	30kHz SCS
	60kHz SCS

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

	DL data



	1 transmission
	0.87
	0.65
	0.51
	0.60
	0.49
	0.42

	
	2 transmissions
	1.87
	1.37
	1.15
	1.17
	1.03
	0.92

	
	3 transmissions
	2.87
	2.15
	1.79
	1.85
	1.56
	1.42

	
	4 transmissions
	3.87
	2.87
	2.44
	2.42
	2.10
	1.92

	UL data (SR)
	1 transmission
	1.12
	0.94
	0.79
	0.81
	0.69
	0.62

	
	2 transmissions
	1.90
	1.62
	1.40
	1.38
	1.22
	1.12

	
	3 transmissions
	2.69
	2.26
	1.97
	2.06
	1.76
	1.62

	
	4 transmissions
	3.62
	2.94
	2.54
	2.63
	2.29
	2.12

	UL data (Configured grant)


	1 transmission
	0.75
	0.68
	0.39
	0.50
	0.46
	0.32

	
	2 transmissions
	1.54
	1.36
	1.04
	1.13
	1.00
	0.82

	
	3 transmissions
	2.50
	2.11
	1.64
	1.75
	1.54
	1.32

	
	4 transmissions
	3.25
	2.79
	2.21
	2.38
	2.07
	1.82



With Rel. 15 capability #2, we observe the following.
DL transmission:
· For 4 PDCCH monitoring occasions, single-shot DL transmissions with durations 2, 4, 7 symbols are possible within 1 ms for both 30 and 60 kHz SCS. However, to complete two DL transmissions (initial transmission + HARQ retransmission), only 2os duration with 60 kHz SCS is possible. The same observations hold when increasing number of PDCCH monitoring occasions to 7 per slot. 
SR UL: 
· For 4 PDCCH monitoring occasions, single-shot SR-based UL transmissions with durations 2, 4, 7 symbols are possible within 1 ms for 60 kHz SCS, while only 2os duration is possible with 30 kHz SCS. With 7 PDCCH monitoring occasions, 4os with 30 kHz is also possible within 1 ms.
· Two transmissions within 1 ms is not possible regardless of whether number of PDCCH monitoring occasion is 4 or 7.
CG UL:
· Single-shot CG UL transmissions with durations 2, 4, 7 symbols are possible within 1 ms for both 30 and 60 kHz SCS and 4 or 7 PDCCH monitoring occasion.
· Two transmissions of 2os or 4os are only possible with 60 kHz SCS.

[bookmark: _Toc520907315][bookmark: _Toc521588917][bookmark: _Toc521589447][bookmark: _Toc521657797][bookmark: _Toc521675174][bookmark: _Toc521685007][bookmark: _Toc521685032][bookmark: _Toc521686492][bookmark: _Toc521679769][bookmark: _Toc535012489][bookmark: _Toc1155692]With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, a single shot DL transmission within 1 ms is possible for all duration and SCS configurations.
[bookmark: _Toc1155693]With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, two DL transmissions with (2,4,7os @30kHz SCS) and (4,7os @60kHz SCS) are not possible within 1 ms.
[bookmark: _Toc1155694]With Rel. 15 capability #2 and 4 PDCCH monitoring occasions per slot, single shot SR-based UL transmission with (4,7os @30kHz SCS) are not possible within 1 ms.
[bookmark: _Toc1155695]With Rel. 15 capability #2 and 7 PDCCH monitoring occasions per slot, single shot SR-based UL transmission with (7os @30kHz SCS) is not possible within 1 ms.
[bookmark: _Toc1155696]With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, two SR-based UL transmissions is not possible within 1 ms for all duration and SCS configurations.
[bookmark: _Toc1155697]With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, a single shot Cg UL transmission within 1 ms is possible for all duration and SCS configurations.
[bookmark: _Toc1155698]With Rel. 15 capability #2 and 4 PDCCH monitoring occasions per slot, two CG UL transmissions with (2,4,7os @30kHz SCS) and (4,7os @60kHz SCS) are not possible within 1 ms.
[bookmark: _Toc1155699]With Rel. 15 capability #2 and 7 PDCCH monitoring occasions per slot, two CG UL transmissions with (2,4,7os @30kHz SCS) and (7os @60kHz SCS) are not possible within 1 ms.
[bookmark: _Toc535012491][bookmark: _Toc535012492]
2.1.2.2 Rel. 16 potential enhancements for FR1
We now study the potential for latency improvement from a new capability (e.g. capability #3) for Rel. 16 with improved values of N1 and N2. In this part of the analysis, we assume that N1 = N2 for calculating gNB processing time.
In the following Tables 5 and 6, we provide maximum new values of N1/N2 (for Rel-16) which can satisfy 1 ms worst-case latency for a single-shot transmission or two transmissions. Only cases where the worst-case latency obtained from Rel-15 N1/N2 exceed 1 ms are considered.

Table 5. Maximum new N1/N2 such that the worst-case latency is within 1 ms (4 PDCCH monitoring occasions)
	Latency (ms)
	HARQ
	30kHz SCS
	60kHz SCS

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

	DL data



	1 transmission
	
	
	
	
	
	

	
	2 transmissions
	-
	0.9911
N1=0.5
	0.9821
N1 =3
	0.9955
N1 = 4.5
	0.9955
N1 = 8.5
	

	UL data (SR)
	1 transmission
	0.8571
N2=2
	0.875
N2=5
	
	
	
	

	
	2 transmissions
	-
	0.8750
N2=1
	0.9286
N2=2
	0.9018
N2=3
	0.8861
N2=5
	0.9554
N2=7

	UL data (Configured grant)


	1 transmission
	
	
	
	
	
	

	
	2 transmissions
	-
	0.9643
N2=1
	0.9286
N2=4
	0.9464
N2=7
	0.9821
N2=9
	




Table 6. Maximum new N1/N2 such that the worst-case latency is within 1 ms (7 PDCCH monitoring occasions)
	Latency (ms)
	HARQ
	30kHz SCS
	60kHz SCS

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

	DL data



	1 transmission
	
	
	
	
	
	

	
	2 transmissions
	-
	1
N1=2
	0.9982
N1=3.3
	1
N1 =6
	0.9732
N1 = 9*
	

	UL data (SR)
	1 transmission
	0.9464
N2=3
	0.8750
N2=5
	
	
	
	

	
	2 transmissions
	-
	0.8750
N2=1
	0.9821
N2=3
	0.9286
N2=4
	0.9911
N2=7
	1
N2=8

	UL data (Configured grant)


	1 transmission
	
	
	
	
	
	

	
	2 transmissions
	-
	1
N2=2
	0.9643
N2=5
	0.9821
N2=8
	0.9821
N2=10
	


* It gives latency less than 1ms due to assumption that N1=N2 for gNB processing time.

In Tables 5-6, we can see that if N1 for Rel-16 is improved to N1= 2-3 os for 30 kHz SCS, we can enable two DL transmissions with 4 or 2os duration within 1 ms which allow more spectrally efficient scheduling. Similarly, if N1 of 60 kHz SCS for Rel-16 is improved to N1=4.5, two transmissions of 7 and 4os durations are possible within 1 ms. 

For N2, if N2 for Rel-16 is improved to N2= 2-3 for 30 kHz SCS, we can enable two UL transmissions for both SR-based UL and CG UL with 2os or 4os duration within 1 ms which can improve system spectral efficiency significantly. Similarly, if N2 of 60 kHz SCS for Rel-16 is improved to N2=5, two SR-based UL transmissions of 4 and 2os durations and two CG UL transmissions with 7, 4, and 2os durations are possible within 1 ms.

[bookmark: _Toc1180743]Introduce a new UE capability #3 with improved N1 = 2-3 (os) for 30 kHz SCS and N1 = 4.5 (os) for 60 kHz SCS in NR Rel. 16 targeting URLLC
[bookmark: _Toc1180744]Introduce a new UE capability #3 with improved N2 = 2-3 (os) for 30 kHz SCS and N2 = 5 (os) for 60 kHz SCS in NR Rel. 16 targeting URLLC.

2.1.3 Latency analysis for TDD
Analysis for TDD based on previous assumptions can be found in [4].

2.2	Out of order HARQ feedback and scheduling
In Rel-15, out-of-order scheduling/HARQ is not supported. The relevant Rel-15 agreements are as follows: 
	Agreements (RAN1#92):
· 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)
· 
Agreements (RAN1#93):
· 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


 
However, another aspect to enhance the timeline and hence reducing delay is to potentially support out-of-order scheduling/HARQ. For out-of-order HARQ, the goal is that URLLC PDSCH have faster HARQ response than eMBB PDSCH, where HARQ for URLLC is ahead of an earlier eMBB packet. Similar for PDCCH scheduling PUSCH, where the goal is that PDCCH can schedule an URLLC PUSCH earlier than an eMBB PUSCH.
In Rel-15, there is already a support for a UE to skip processing a number of PDSCH depending on the capability processing time and the scheduled bandwidth as it is stated in the following which can be extended for Re-16.
	From Section 5.3 of 38.214:
For UE processing capability 2 with scheduling limitation when µ = 1, if the scheduled RB allocation exceeds 136 RBs, the UE defaults to capability 1 processing time. The UE may skip decoding a number of PDSCHs with last symbol within 10 symbols before the start of a PDSCH that is scheduled to follow Capability 2, if any of those PDSCHs are scheduled with more than 136 RBs with 30kHz SCS and following Capability 1 processing time.



If HARQ out-of-order and grant-out-of-order are supported, there would be a need to support a new processing capability to make the feature beneficial. In that case, the feature can be used even for eMBB traffic if the UE supports this capability. Therefore, for Rel-16, we propose to consider the following:
[bookmark: _Toc1180745]In Rel-16, out-of-order HARQ and out-of-order grant for DL and UL transmission are supported.
2.3 	CSI processing timeline
In NR Rel-15, the CSI processing timeline for aperiodic CSI report is defined as follows: and , where M is the number of updated CSI report(s) according to Subclause 5.2.1.6,  corresponds to the m-th updated CSI report and is defined as
-	 of the table 5.4-1 if the CSI is triggered without a PUSCH with either transport block or HARQ-ACK or both when L = 0 CPUs are occupied (according to Subclause 5.2.1.6) and the CSI to be transmitted in a single CSI and corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'TypeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI', or
-	 of the table 5.4-2 if the CSI to be transmitted corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'TypeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI', or
-	 of the table 5.4-2 if reportQuantity is set to 'cri-RSRP' or 'ssb-Index-RSRP', where Xµ is according to UE reported capability [FG 2-25] and KBl is according to UE reported capability [FG-2-28], or
-	 of table 5.4-2 otherwise.
-	µ of table 5.4-1 and table 5.4-2  corresponds to the min (µPDCCH, µCSI-RS, µUL) where the µPDCCH corresponds to the subcarrier spacing of the PDCCH with which the DCI was transmitted and µUL corresponds to the subcarrier spacing of the PUSCH with which the CSI report is to be transmitted and µCSI-RS corresponds to the minimum subcarrier spacing of the aperiodic CSI-RS triggered by the DCI
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]
Z3 [symbols]

Z1
Z'1
Z2
Z'2
Z1
Z'1
0
22
16
40
37
22
X1
1
33
30
72
69
33
X2
2
44
42
141
140
min(44, X3+ KB1)
X3
3
97
85
152
140
min(97, X4+ KB2)
X4



In the above passage form 38.214, Z corresponds to the timing requirement from triggering PDCCH to the start of the PUSCH carrying the CSI report and it should thus encompass DCI decoding time, possible CSI-RS measurement time, CSI calculation time, UCI encoding time, and possible UCI multiplexing and UL-SCH multiplexing. Z’ on the other hand corresponds to the timing requirement from aperiodic CSI-RS (if used) to the start of the PUSCH carrying the report. The difference between these two values is thus only the DCI decoding time.
In Rel-15, there exists no “advanced CSI processing capability”, that is, there is only a baseline CSI processing capability defined that all UEs must support. There was a discussion to include such an advanced CSI processing capability in Rel-15, but it was not included due to lack of time.
Three “latency classes” for CSI content are defined in Rel-15. 
· Beam reporting class: L1-RSRP reporting with CRI/SSBRI
· Low latency CSI: Defined as a single wideband CSI report with at most 4 CSI-RS ports (without CRI reporting), using either the Type I single panel codebook or non-PMI reporting mode
· High Latency CSI: All other types of CSI content

For each of these three classes, different requirements on (Z,Z’) are defined (according to CSI computation delay requirement 2). There also exist a more stringent CSI requirement, CSI computation delay requirement 1, which is only applicable when the UE is triggered with a single Low Latency CSI report without UL-SCH or UCI multiplexing and when the UE have all its CSI Processing Units unoccupied (i.e. it is not already calculating some other CSI report). 
In NR Rel-15, the mandatory UE CSI processing capability requires a UE to support calculation of 5 simultaneous CSI reports (which may be across different carriers, in the same carrier or as a single report with multiple CSI-RS resources).The values of (Z,Z’) is CSI processing requirement 2 where thus determined so that all UEs should be able to calculate 5 CSI reports within this timeframe. As some UE implementations calculate multiple CSI reports in a serial fashion, this implies that, roughly speaking, the CSI requirement 2 is about 5x longer than what it would be if the requirement were that only a single CSI report would need to be computed.
[bookmark: _Toc535012496][bookmark: _Toc1155700]If the intention is only to trigger a single CSI report, the CSI timing requirement could be reduced by a factor 5. 
In a typical URLLC scenario, and indeed, in many typical deployments and scenarios, the gNB is only interested in triggering a single CSI report at the time. It is thus a bit unfortunate that the timing requirement is 5x longer than it has to be for that case. This excessively long CSI calculation time puts additional implementation constraints for the scheduler, as the N2 requirement for data triggering and K1 requirement for HARQ-ACK is much lower than the CSI processing requirement. For CSI processing timeline enhancements for eURLLC, we therefore propose to introduce a new CSI timing requirement (“CSI computation delay requirement 3”), which may be sued when the UE is triggered with a single CSI report.
[bookmark: _Toc1180746]Introduce a new CSI timing requirement, applicable when a single CSI report is triggered.
A starting position could be to take the values defined for CSI timing requirement 2 and divide by a factor of 5.
Another possible CSI processing timeline enhancement is to introduce an advanced CSI processing capability. That is, to introduce a new set of tables for the two existing CSI timing requirements (as well as for the third one just proposed). A UE could then similarly to the advanced processing capabilities for P*SCH indicate in its capability that is supports the more aggressive CSI timeline.
[bookmark: _Toc1180747]Consider introducing an advanced CSI processing capability, with more aggressive requirements for all the CSI computation delay requirements.
[bookmark: _Toc528920265]Conclusion
In this contribution, we discussed methods that can further improve the timeline with respect to scheduling and HARQ and CSI transmission. The following observations are made:
Observation 1	With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, a single shot DL transmission within 1 ms is possible for all duration and SCS configurations.
Observation 2	With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, two DL transmissions with (2,4,7os @30kHz SCS) and (4,7os @60kHz SCS) are not possible within 1 ms.
Observation 3	With Rel. 15 capability #2 and 4 PDCCH monitoring occasions per slot, single shot SR-based UL transmission with (4,7os @30kHz SCS) are not possible within 1 ms.
Observation 4	With Rel. 15 capability #2 and 7 PDCCH monitoring occasions per slot, single shot SR-based UL transmission with (7os @30kHz SCS) is not possible within 1 ms.
Observation 5	With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, two SR-based UL transmissions is not possible within 1 ms for all duration and SCS configurations.
Observation 6	With Rel. 15 capability #2 and 4 or 7 PDCCH monitoring occasions per slot, a single shot Cg UL transmission within 1 ms is possible for all duration and SCS configurations.
Observation 7	With Rel. 15 capability #2 and 4 PDCCH monitoring occasions per slot, two CG UL transmissions with (2,4,7os @30kHz SCS) and (4,7os @60kHz SCS) are not possible within 1 ms.
Observation 8	With Rel. 15 capability #2 and 7 PDCCH monitoring occasions per slot, two CG UL transmissions with (2,4,7os @30kHz SCS) and (7os @60kHz SCS) are not possible within 1 ms.
Observation 9	If the intention is only to trigger a single CSI report, the CSI timing requirement could be reduced by a factor 5.

Based on the discussion, the following are proposed:
Proposal 1	Introduce a new UE capability #3 with improved N1 = 2-3 (os) for 30 kHz SCS and N1 = 4.5 (os) for 60 kHz SCS in NR Rel. 16 targeting URLLC
Proposal 2	Introduce a new UE capability #3 with improved N2 = 2-3 (os) for 30 kHz SCS and N2 = 5 (os) for 60 kHz SCS in NR Rel. 16 targeting URLLC.
Proposal 3	In Rel-16, out-of-order HARQ and out-of-order grant for DL and UL transmission are supported.
Proposal 4	Introduce a new CSI timing requirement, applicable when a single CSI report is triggered.
Proposal 5	Consider introducing an advanced CSI processing capability, with more aggressive requirements for all the CSI computation delay requirements.
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