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Introduction
In the RAN1#93 for NR Rel. 15 [2], details for UE processing capability#2 were discussed and following agreements were made. In this contribution we evaluate the baseline URLLC latency assuming NR Rel. 15 design, and then extend the evaluation to potential enhancements of Rel-16.

	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.




Latency requirements

In RAN1#94bis, use cases and requirements for eURLLC evaluation are shown in the table below. It is observed that depending on the specific use case, a range of physical layer latency requirements exist, from 1ms to 7ms.

Table 1. eURLLC use cases and requirements
	Use case
(Clause #)
	Reliability (%)
	Latency (ms)
	Data packet size and traffic model
	Description 

	Power distribution
(22.804:5.6.4 &5.6.6)
	99.9999
	5(end to end latency)
Note: 2-3 ms air interface latency 
	DL & UL:
100 bytes 
ftp model 3 with arrival interval 100 ms
	Power distribution grid fault and outage management 

	
	99.999 
	15(end to end latency)
Note: 6-7 ms air interface latency
	DL & UL:
250 bytes  
Periodic and deterministic with arrival interval 0.833 ms
Random offset between UEs 
	Differential protection

	Factory automation

	99.9999
	2(end to end latency)

Note: 1 ms air interface latency 
	DL & UL:
32 bytes
Periodic deterministic traffic model with data arrival interval 2 ms
	Motion control

	Transport Industry
(22.186: 5.5)
	99.999
	5 (end to end latency)

Note: 3ms air interface latency 
	For UL: 
2.5 Mpbs; Packet size 5220 bytes
For DL: 
1Mbps; Packet size 2083 bytes
Note: Data arrival rate 60 packets per second for periodic traffic model
	Remote driving 


	Transport Industry
(23.501, 22.261)
	99.999
	10(end to end latency)
Note: 7ms air interface latency
	UL&DL: 
1.1 Mbps, Packet size 1370 bytes 
Note: Data arrival rate 100 packets per second for periodic traffic model
	Intelligent transport system (ITS)

	Rel-15 enabled use case (e.g. AR/VR)  
	99.999 
	1ms (air interface delay) for 32 bytes
1 ms and 4 ms (air interface delay) for 200 bytes 
	DL & UL:
32 and 200 bytes 

FTP model 3 or periodic with different arrival rates
	

	
	99.9
	7ms (air interface delay)
	DL & UL:
4096, 10 K
FTP model 3 or periodic with different arrival rates
	



In the following, we discuss achievable latency of Rel. 15 and potential enhancement for Rel. 16 targeting the strictest PHY latency requirement of 1 ms. 
[bookmark: _Ref178064866]Discussion
The evaluation considers different transmission scenarios such as DL, SR-based UL, and configured grant (SPS) UL in FDD. We perform latency analysis of different transmission duration options for 15 and 30 kHZ SCS, with the goal of meeting the latency requirement, e.g., 1 ms. 
The evaluation is based on assumptions of
· PDCCH periodicity
· PUCCH periodicity
· SR periodicity
· UE processing capability and
· gNB processing time
For Rel. 15, we use UE processing capability #2. 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 15kHz and 30 kHz SCS. 
We note that assumption on PDCCH periodicity is related to limits on number of blind decodes and CCEs. For Rel. 16 potential we also consider improved number of blind decodes and CCEs and thus possible improved PDCCH monitoring periodicity. 
In the following we will analyze the UP latency in FDD after a first transmission and up to 3 HARQ retransmissions. We will follow the ITU definition of UP latency as being defined from L2/L3 ingress to L2/L3 egress.
Assumptions
Processing time
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 2 and 3). The gNB processing times are assumed to be the same as UE processing time. For DL the gNB processing is similar to data preparation time so we assume it is equal to N2. For UL the gNB processing is similar to data decoding time plus preparing for feedback so we assume it is equal to N1. 
We assume that the processing time is dominated by demodulation and decoding of the physical channel and assume that the earliest time that data can be delivered to L2/L3 egress is the same time as the earliest time that HARQ feedback could be transmitted. 
[bookmark: _Ref517253904]
Table 2. PDSCH processing time in OFDM symbols for the UE capabilities with only front-loaded DMRS.
	#Symbols
	

	
	15kHz SCS
	30kHz SCS

	Capability 1
	8
	10

	Capability 2
	3
	4.5



[bookmark: _Ref515629795]Table 3: PUSCH preparation procedure time.
	#Symbols
	

	
	15kHz SCS
	30kHz SCS

	Capability 1
	10
	12

	Capability 2
	5
	5.5



Alignment delay
The alignment delay is the time required after being ready to transmit until transmission can start. We assume the worst-case latency, that is, the alignment delay is assumed to the longest possible, i.e., equal to one TTI.
PUCCH duration is assumed to be equal to one TTI. 
PDCCH duration is assumed to be 1 symbol. PDCCH opportunities depends on PDCCH monitoring periodicity. We consider different PDCCH periodicity values. For example, with PDCCH periodicity of 5 symbols we mean that PDCCH can be transmitted starting at symbols 0, 5, and 10 within a slot.
PDSCH immediately follows the PDCCH that schedules it. PDSCH duration of 2/4/7/14 OFDM symbols are considered, as shown in Table 4.
For HARQ-ACK on PUCCH, the evaluation assumes that at most one HARQ-ACK is allowed per slot for Capability #2. For Capability #3 evaluation, multiple HARQ-ACK per slot is allowed for achieving lowest latency. 
For UL data, the scheduling can either be based on SR or UL configured grant. PUSCH periodicity corresponding to opportunity for PUSCH transmission is assumed to be every TTI, where the TTI is 2/4/7/14 OFDM symbol as shown in Table 3. We assume that SR periodicity is 2 symbols, corresponding to the shortest periodicity allowed in the Rel. 15 specification [3].

[image: ]
Figure 1: Illustration of latency components for DL and UL data.
Latency analysis
Rel. 15 Capability #2
Evaluation results are shown below for Rel. 15 capability #2 with a PDCCH periodicity of 5 OFDM symbols (os). Note that with the CCE limit per slot of 56 [4], it is allowed up to 3 PDCCH monitoring occasions per slot where each occasion contains at least one AL16 candidate. 

Table 4. Capability 2 with PDCCH periodicity = 5 os
	Latency (ms)
	HARQ
	15kHz SCS
	30kHz 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

	DL data



	1st transmission
	2.50
	1.64
	1.21
	1.07
	1.34
	0.91
	0.70
	0.62

	
	1 retx
	6.50
	3.64
	2.57
	2.07
	3.34
	1.91
	1.52
	1.27

	
	2 retx
	10.50
	5.64
	3.86
	3.07
	5.34
	2.91
	2.34
	1.95

	
	3 retx
	14.50
	7.64
	5.21
	4.07
	7.34
	3.91
	3.02
	2.45

	UL data (SR)
	1st transmission
	4.50
	3.07
	2.36
	1.79
	2.34
	1.63
	1.27
	1.05

	
	1 retx
	6.50
	4.57
	3.64
	2.79
	3.34
	2.38
	1.91
	1.55

	
	2 retx
	8.50
	6.07
	5.07
	3.79
	4.34
	3.13
	2.63
	2.05

	
	3 retx
	10.50
	7.57
	6.36
	4.79
	5.34
	3.88
	3.27
	2.55

	UL data (Configured grant)


	1st transmission
	2.50
	1.50
	1.21
	0.79
	1.34
	0.84
	0.70
	0.48

	
	1 retx
	4.50
	3.00
	2.50
	1.79
	2.34
	1.59
	1.34
	1.05

	
	2 retx
	6.50
	4.50
	3.79
	2.79
	3.34
	2.34
	1.98
	1.55

	
	3 retx
	8.50
	6.00
	5.21
	3.79
	4.34
	3.09
	2.70
	2.05


It is observed that with Rel. 15 capability #2 and PDCCH periodicity of 5 symbols, SR-based UL transmission with 15 kHz or 30 kHz SCS is not possible within 1 ms latency. Retransmission is also not possible within 1 ms for all transmission scenarios. For a more relaxed latency, e.g., 3ms, then DL retransmissions and even SR-based UL transmission are possible.

[bookmark: _Toc520907315][bookmark: _Toc521588917][bookmark: _Toc521589447][bookmark: _Toc521657797][bookmark: _Toc521675174][bookmark: _Toc521685007][bookmark: _Toc521685032][bookmark: _Toc521686492][bookmark: _Toc521679769]With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, retransmission is not possible within the 1ms target for 15 and 30 kHZ SCS.
[bookmark: _Toc521588918][bookmark: _Toc521589448][bookmark: _Toc521657798][bookmark: _Toc521675175][bookmark: _Toc521685008][bookmark: _Toc521685033][bookmark: _Toc521686493][bookmark: _Toc521679770]With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, SR-based UL transmission is not possible within the 1ms target for 15 kHz and 30 kHz SCS.
[bookmark: _Toc521679771]With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, it is not possible to achieve DL or UL data latency as low as 0.5 ms for 15 and 30 kHz SCS.

Rel. 16 potential
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. Also, we consider PDCCH periodicity of 2 symbols as a consequence of potential improvement on the limits of number of blind decodes and CCEs.
Table 5. PDSCH processing time in OFDM symbols for the UE capabilities with only front-loaded DMRS.
	#Symbols
	

	
	15kHz SCS
	30kHz SCS

	Capability #2
	3
	4.5

	Capability #3
	2.5
	2.5



Table 6: PUSCH preparation procedure time.
	#Symbols
	

	
	15kHz SCS
	30kHz SCS

	Capability #2
	5
	5.5

	Capability #3
	2.5
	2.5




Table 7. Capability 3 with PDCCH periodicity = 2 os
	Latency (ms)
	HARQ
	15kHz SCS
	30kHz 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

	DL data



	1st transmission
	2.32
	1.39
	0.96
	0.68
	1.16
	0.70
	0.48
	0.34

	
	1 retx
	6.32
	3.39
	2.11
	1.39
	3.16
	1.70
	1.05
	0.70

	
	2 retx
	10.32
	5.39
	3.11
	2.11
	5.16
	2.70
	1.55
	1.05

	
	3 retx
	14.32
	7.39
	4.11
	2.82
	7.16
	3.70
	2.05
	1.41

	UL data (SR)
	1st transmission
	4.32
	2.39
	1.89
	1.18
	2.16
	1.20
	0.95
	0.59

	
	1 retx
	6.32
	3.39
	2.89
	1.75
	3.16
	1.70
	1.45
	0.88

	
	2 retx
	8.32
	4.39
	3.89
	2.32
	4.16
	2.20
	1.95
	1.16

	
	3 retx
	10.32
	5.39
	4.89
	2.89
	5.16
	2.70
	2.45
	1.45

	UL data (Configured grant)


	1st transmission
	2.32
	1.32
	1.04
	0.61
	1.16
	0.66
	0.52
	0.30

	
	1 retx
	4.32
	2.32
	2.04
	1.18
	2.16
	1.16
	1.02
	0.59

	
	2 retx
	6.32
	3.32
	3.04
	1.75
	3.16
	1.66
	1.52
	0.88

	
	3 retx
	8.32
	4.32
	4.04
	2.32
	4.16
	2.16
	2.02
	1.16



With proposed values for potential Rel. 16 capability #3 UE processing time and PDCCH periodicity of 2 symbols, SR-based UL transmission with 30 kHz SCS is now possible within 1 ms latency. Moreover, one to two retransmissions become possible within 1 ms for DL, UL, and configured grant UL transmissions.

[bookmark: _Toc521588919][bookmark: _Toc521589449][bookmark: _Toc521657799][bookmark: _Toc521675176][bookmark: _Toc521685009][bookmark: _Toc521685034][bookmark: _Toc521686494][bookmark: _Toc521679772]With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, one retransmission is possible within the 1ms target for DL, UL, and UL SPS transmissions with 30 kHz SCS.
[bookmark: _Toc521588920][bookmark: _Toc521589450][bookmark: _Toc521657800][bookmark: _Toc521675177][bookmark: _Toc521685010][bookmark: _Toc521685035][bookmark: _Toc521686495][bookmark: _Toc521679773]With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, SR-based UL transmission is possible within the 1ms target for 30 kHz SCS.
[bookmark: _Toc521679774]With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, DL or UL data latency as low as 0.5 ms can be achieved for 30 kHz SCS.

While only SCS 15 and 30 kHz are evaluated here, 60 and 120 kHz are even better for achieving low latency. Hence Rel-16 UE Capability #3 should consider 60 kHz and 120 kHz also [5].

[bookmark: _Toc520902345][bookmark: _Toc520902377][bookmark: _Toc520907316][bookmark: _Toc521588921][bookmark: _Toc521589451][bookmark: _Toc521657794][bookmark: _Toc521675178][bookmark: _Toc521686490][bookmark: _Toc520902335]Introduce a new UE capability #3 with improved N1 and N2 values for 15/30/60/120 kHz SCS in NR Rel. 16 targeting URLLC.
[bookmark: _Toc521588922][bookmark: _Toc521589452][bookmark: _Toc521657795][bookmark: _Toc521675179][bookmark: _Toc521686491]Increase limits of blind decodes and CCEs for channel estimations to support more frequent PDCCH monitoring periodicity with reasonable PDCCH scheduling flexibility in NR Rel. 16 targeting URLLC.

[bookmark: _Toc513715580][bookmark: _Toc513715661][bookmark: _Toc513715581][bookmark: _Toc513715662][bookmark: _Toc513715582][bookmark: _Toc513715663][bookmark: _Toc513715583][bookmark: _Toc513715664][bookmark: _Toc513715584][bookmark: _Toc513715665][bookmark: _Toc513715585][bookmark: _Toc513715666][bookmark: _Toc513715586][bookmark: _Toc513715667][bookmark: _Toc513715587][bookmark: _Toc513715668][bookmark: _Toc513715588][bookmark: _Toc513715669][bookmark: _Toc513715589][bookmark: _Toc513715670][bookmark: _Toc513715590][bookmark: _Toc513715671][bookmark: _Toc513715591][bookmark: _Toc513715672][bookmark: _Toc513715592][bookmark: _Toc513715673][bookmark: _Toc513715593][bookmark: _Toc513715674][bookmark: _Toc513715594][bookmark: _Toc513715675][bookmark: _Toc513715595][bookmark: _Toc513715676][bookmark: _Toc513715596][bookmark: _Toc513715677][bookmark: _Toc513715597][bookmark: _Toc513715678][bookmark: _Toc513715598][bookmark: _Toc513715679][bookmark: _Toc513715599][bookmark: _Toc513715680][bookmark: _Toc513715600][bookmark: _Toc513715681][bookmark: _Toc513715601][bookmark: _Toc513715682][bookmark: _Toc513715602][bookmark: _Toc513715683][bookmark: _Toc513715603][bookmark: _Toc513715684][bookmark: _Toc513715604][bookmark: _Toc513715685][bookmark: _Toc513715605][bookmark: _Toc513715686][bookmark: _Toc513715606][bookmark: _Toc513715687][bookmark: _Toc513715607][bookmark: _Toc513715688][bookmark: _Toc513715608][bookmark: _Toc513715689][bookmark: _Toc513715609][bookmark: _Toc513715690][bookmark: _Toc513715610][bookmark: _Toc513715691][bookmark: _Toc513715611][bookmark: _Toc513715692][bookmark: _Toc513715612][bookmark: _Toc513715693][bookmark: _Toc513715613][bookmark: _Toc513715694][bookmark: _Toc513715614][bookmark: _Toc513715695][bookmark: _Toc513715615][bookmark: _Toc513715696][bookmark: _Toc513715616][bookmark: _Toc513715697][bookmark: _Toc513715617][bookmark: _Toc513715698][bookmark: _Toc513715618][bookmark: _Toc513715699][bookmark: _Toc513715619][bookmark: _Toc513715700][bookmark: _Toc513715620][bookmark: _Toc513715701][bookmark: _Toc513715621][bookmark: _Toc513715702][bookmark: _Toc513715622][bookmark: _Toc513715703][bookmark: _Toc513715623][bookmark: _Toc513715704][bookmark: _Toc513715624][bookmark: _Toc513715705][bookmark: _Toc513715625][bookmark: _Toc513715706][bookmark: _Toc513715626][bookmark: _Toc513715707][bookmark: _Toc513715627][bookmark: _Toc513715708][bookmark: _Toc513715628][bookmark: _Toc513715709][bookmark: _Toc513715629][bookmark: _Toc513715710][bookmark: _Toc513715630][bookmark: _Toc513715711][bookmark: _Toc513715631][bookmark: _Toc513715712][bookmark: _Toc513715632][bookmark: _Toc513715713][bookmark: _Toc513715633][bookmark: _Toc513715714][bookmark: _Toc513715634][bookmark: _Toc513715715][bookmark: _Toc513715635][bookmark: _Toc513715716][bookmark: _Toc513715636][bookmark: _Toc513715717][bookmark: _Toc513715637][bookmark: _Toc513715718][bookmark: _Toc513715638][bookmark: _Toc513715719][bookmark: _Toc513715639][bookmark: _Toc513715720][bookmark: _Toc513715640][bookmark: _Toc513715721][bookmark: _Toc513715641][bookmark: _Toc513715722][bookmark: _Toc513715642][bookmark: _Toc513715723][bookmark: _Toc513715644][bookmark: _Toc513715725][bookmark: _GoBack]Conclusion
In section 2 we made the following observations:
Observation 1	With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, retransmission is not possible within the 1ms target for 15 and 30 kHZ SCS.
Observation 2	With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, SR-based UL transmission is not possible within the 1ms target for 15 kHz and 30 kHz SCS.
Observation 3	With Rel. 15 capability #2 with PDCCH periodicity of 5 symbols, it is not possible to achieve DL or UL data latency as low as 0.5 ms for 15 and 30 kHz SCS.
Observation 4	With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, one retransmission is possible within the 1ms target for DL, UL, and UL SPS transmissions with 30 kHz SCS.
Observation 5	With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, SR-based UL transmission is possible within the 1ms target for 30 kHz SCS.
Observation 6	With potential Rel. 16 UE capability #3 and improved PDCCH periodicity of 2 symbols, DL or UL data latency as low as 0.5 ms can be achieved for 30 kHz SCS.

Based on the discussion in section 2 we have the following proposals:
Proposal 1	Introduce a new UE capability #3 with improved N1 and N2 values for 15/30/60/120 kHz SCS in NR Rel. 16 targeting URLLC.
Proposal 2	Increase limits of blind decodes and CCEs for channel estimations to support more frequent PDCCH monitoring periodicity with reasonable PDCCH scheduling flexibility in NR Rel. 16 targeting URLLC.
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