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Introduction  
Evaluation of NR Uu and LTE Uu interfaces is one of the key objectives of the new SI on NR based V2X to determine whether any Uu enhancement is needed for supporting advanced V2X use cases as described below [1]. 
	2: Uu enhancements for advanced V2X use cases [RAN1, RAN2, RAN3]:
· Evaluate whether Rel-15 NR Uu and LTE Uu interfaces will support advanced V2X use cases
· Identify enhancements, if any, that are needed to meet advanced V2X use cases

NOTE: Also consider other Rel-16 NR and LTE SI/WI enhancements to avoid overlap.




In this document, we provide an initial analysis of the end-to-end latency for the NR Uu link to evaluate whether any enhancement is needed to support a given advanced use case.
Discussion
1.1 Advanced Use cases requirements
As part of LTE V2X, a basic set of requirements to support V2X applications have been specified. It is becoming increasingly clear that the automotive industries are evolving beyond unidirectional distribution of vehicle status information such as position, speed, heading, warning messages. With the advent of NR, the 3GPP system needs to increase its capability to meet the demands of emerging V2X applications and their KPIs. These services are broadly categorized based on the performance requirements to support the different eV2X scenarios as summarized below [2]. As can be noted, the latency requirement ranges from 3 ms to 500 ms. Remote driving represents a V2N scenario wherein the UE exchanges information with an application server in the network. This scenario is very important to analyze as Uu interface will be predominantly used for this case. As part of advanced driving and extended sensor information sharing between UEs, stringent delay requirements are foreseen. These scenarios may be deployed with Uu or PC5 link. 
Table 1. eV2X categories, scenarios and requirements
	Advanced Use Case
	Scenario description
	Max end to end latency ms
	Reliability %
	Applicable interface

	Platooning 
	Cooperative driving for vehicle platooning information exchange between a group of UEs supporting V2X with low, high degree of automation
	10, 25
	90, 99.99
	Sidelink for communication between group members and with the leader and Uu for the leader.
Broadcast, Groupcast, multicast and Unicast 

	
	Reporting needed for platooning between UEs, UE and RSU
	500
	
	

	
	Information exchange between group of UEs supporting V2X application with high degree of automation in cooperative driving
	20
	
	

	Advanced driving
	Cooperative collision avoidance between UEs supporting V2X application
	10
	99.99
	Mostly Sidelink 
Broadcast, multicast, unicast.

	
	Information sharing for automated driving between UEs, and between UEs and RSU
	100
	
	

	
	Emergency trajectory alignment between UEs supporting V2X application
	3
	99.99
	

	
	Cooperative lane change between UEs supporting V2X app with low, high degree of automation for different sub-scenarios
	10, 25 
	90, 99.99
	

	
	Video sharing between UEs supporting V2X app and a V2X application server
	
	
	Mostly Uu

	Extended Sensor 
	Sensor information sharing between UEs supporting V2X application with low, high degree of automation for different sub-scenarios
	3, 10, 50, 100
	90, 95, 99.99
	Mostly Sidelink 


	
	Video sharing between UEs supporting V2X application with low, high degree of automation
	10,50
	90,99.99
	

	Remote driving 
	Information exchange between a UE supporting V2X application and a V2X Application Server
	5
	99.99
	Mostly Uu 


Observation 1. Remote driving is seen as a primarily Uu based advanced use case with stringent delay (5ms) and reliability requirements. Emergency trajectory alignment between V-UEs has 3ms latency requirement and may use PC5 or Uu.

1.2 Evaluation of NR Uu latency
Based on the advanced V2X use cases outlined in [2] and summarized above, the latency requirement is very stringent for some of the use cases. Except the remote driving scenario where Uu interface seems to be the predominant choice, other scenarios can mostly use PC5 link. We need to evaluate whether NR Uu can already meet the latency requirement or some enhancements are necessary. 
1.2.1 Scenario
In order to study whether Uu enhancements are necessary, we need to evaluate the Uu interface to understand the gaps between requirements and what can already be supported in Rel-15 NR w.r.t latency. Let us consider the different scenarios when the Uu interface would be used as per below. 
        



Figure 1. Scenario for V2X Uu based operation

1.2.2 Assumptions
The assumptions for the various parameters are provided in table 2 and the different latency components are described in table 3 and evaluated in the following tables. 
Table 2. Parameters used in the analysis
	Parameters
	Value(s)
	Description

	Scheduling policy for Uu
	{ SPS,
dynamic scheduling with BSR,
dynamic scheduling without BSR}
	For UL transmission, both SPS and dynamic scheduling are considered.
For dynamic scheduling, both UL TX with a separate BSR and UL TX wih no separate BSR are considered.

	
	
	

	SR period
	{sym2}
	One value for scheduling request is considered for 15kHz SCS. Other values are sym7,1,2,4,5,8,10,16,20,40, 80 slots.

	SR duration
	{sym1}
	One value for SR duration is considered for 15kHz SCS. 1 or 2 symbols can be considered. 

	SPS period
	sym2
	One value for UL SPS is considered (Refer ‘periodicity’ in specification).  

	Target BLER (%)
	0, 1
	Target BLER is commonly applied for DL and UL transmission.

	
	
	

	Network delay for unicast 

	Variable
	The latency for gNB--> UPF--> AS--> UPF -->gNB is the network delay used to calculate end-to-end delay.
Fixed value of 20 ms can be assumed. 

	Paging cycle
	320 ms
	A single value is considered for RAN paging.



1.2.3 Evaluation methodology 
The evaluation methodology for NR User plane latency is discussed in detail in [3] and the NR control plane latency is discussed in [4]. These evaluations are agreed in [5]. The overall end-to-end latency can be calculated as follows:
· End-to-end latency for V2V, V2P: T = TUL + TDL
· End-to-end latency for V2I: T = TUL or TDL
· End-to-end latency for V2N: T = TUL or TDL + network delay (between gNB and application server)

Wherein:
TUL = [TRRC] + TUL-transport + [TNW-UC]
TDL = [TPAGING + TRRC] + TDL-UC
The items in [] indicate that they are not mandatory and are present only when necessary. The frame alignment is not considered for evaluation. The gNB processing delay is assumed to be similar to UE processing delay and derived from TR 36.214 and is an approximation. TUL-transport constitutes UL scheduling using SPS or dynamic with/without BSR and HARQ retransmissions are taken into consideration for target BLER support. The primary scenario to be focused is remote driving requiring Uu interface support in a V2N scenario and the best case analysis of the over-the-air interface delay is performed without considering the optional elements (such as RRC and paging delays). 
Table 3. Latency components description
	Latency component
	Description
	Value

	TRRC

	Latency for connection establishment from RRC_INACTIVE to RRC_CONNECTED.
	See table A3 in annex

	TUL-transport
	Latency of UL transport between UE and gNB. This latency component addresses the time duration from the time UE has a V2V message to send over UL to the time the gNB successfully receives the V2V message.
	See tables 4, 5, 6. Can be TUL-SPS or TUL-dynamicNoBSR or TUL-dynamicBSR

	TUL-SPS
	This latency component addresses the time duration from the time UE has a V2V message to send over UL to the time the gNB successfully receives the V2V message, by using semi-persistent scheduling (SPS).

	See table 4

	TUL-dynamicNoBSR
	This latency component addresses the time duration from the time UE has a V2V message to send over UL to the time the gNB successfully receives the V2V message, by using dynamic scheduling without a separate BSR. The user plane latency for uplink transmission is based on the analysis in the Table A.1 of TR 36.881[2] assuming NR and referring to UP latency study in [4].

	See table 5

	TUL-dynamicBSR
	This latency component addresses the time duration from the time UE has a V2V message to send over UL to the time the gNB successfully receives the V2V message, by using dynamic scheduling with a separate BSR. 
The user plane latency for uplink transmission is based on the analysis in the Table A.1 of TR 36.881[2] now assuming NR and referring to UP latency study in [4].

	See table 6

	TPAGING
	This latency component addresses the time duration from the time paging message is arrived at gNB and to the time the UE successfully receives the paging message.
	See table A4 in annex

	TDL-UC
	This latency component addresses the time duration from the time gNB has V2V message to send and to the time the UE receives the V2V message over unicast DL. 
It is assumed that all UEs (vehicles or RSU) are in RRC_CONNECTED so that the latency required for inactive to connected state is considered separately if necessary. User plane latency from gNB to UE over unicast DL is based on the analysis in the section A1.1 of TR 36.881[3] assuming NR and referring to UP latency study in [4].
	See table 7


Table 4. TUL_sps: Latency for V2V message transmission from V-UE to gNB via UL with SPS
	Sub-component
	
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	Uplink transmission
	Mean
	6 symbols + SPS period/2
for URLLC

16 symbols + SPS period/2 for eMBB
	6 symbols + SPS period
for URLLC

16 symbols + SPS period for eMBB
	1. UE processing delay (L1 encoding of data): N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)

2. UE sends UL transmission 1 slot or 7 symbols for eMBB and 2 symbols for URLLC

3. gNB receives and decodes the UL data; N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)

Assume SPS Period: 2 symbols for UL 

	Total
	Mean
	7 symbols for URLLC

17 symbols for eMBB
	8 symbols for URLLC

18 symbols for eMBB
	Mean = 0.5ms for URLLC
Mean = 1.2ms for eMBB
Assuming processing capability 1 corresponds to eMBB and processing capability 2 corresponds to URLLC.



Table 5. TUL_dynamic_nobsr: Latency for message transmission from V-UE to gNB via UL with dynamic scheduling without separate BSR
	Sub-component
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	Uplink transmission
	Mean
	11 symbols
(assuming SR period/2 and target BLER 0% for URLLC)


23 + Target BLER%/100(23+1+9)= 23.33
 symbols for 1%BLER for eMBB
	12 symbols (assuming SR period and target BLER 0% for URLLC)


24 + Target BLER%/100(24+1+9) = 
24.34 symbols for 1%BLER for eMBB
	Adapted from Table A.1 of TR 36.881 and assuming NR and refer [4]:
1. Average delay to next SR opportunity SR periodicity/2   [1 symbol assuming SR periodicity = 2 symbols]

2. UE sends SR [1 or 2 symbols]; Assume 1 symbol

3. gNB decodes SR and generates scheduling grant N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)

4. Transmission of scheduling grant (assumed always error free) 1 symbol

5. UE processing delay (decoding Scheduling grant + L1 encoding of data): N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)

6. UE sends UL transmission 1 slot or 7 symbols for eMBB and 2 symbols for URLLC

7. gNB receives and decodes the UL data; N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)

Assume 1 symbol for PDCCH ACK/NACK

	Total
	Mean
	11sym for URLLC

23.33sym for eMBB
	12sym for URLLC

24.34 for eMBB 
	Mean: 11 symbols = 0.78ms for URLLC (0% target BLER)
Mean: 23.33 symbols = 1.66ms for eMBB (1%target BLER)
Assuming processing capability 1 corresponds to eMBB and processing capability 2 corresponds to URLLC.



Table 6. TUL_dynamic_bsr: Latency for message transmission from V-UE to gNB via UL with dynamic scheduling with a separate BSR
	Sub-component
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	Uplink transmission
	Mean
	17 symbols
(assuming SR period/2 and target BLER 0% for URLLC)


34 + Target BLER%/100(34+1+9) = 34.44 
 symbols for 1%BLER for eMBB
	18 symbols (assuming SR period and target BLER 0% for URLLC)


35 + Target BLER%/100(35+1+9) = 
35.45 symbols for 1%BLER for eMBB
	Adapted from Table A.1 of TR 36.881 and assuming NR and refer [4]:
1. Average delay to next SR opportunity SR periodicity/2 [1 symbol assuming SR periodicity = 2 symbols]

2. UE sends SR [1 or 2 symbols]; Assume 1 symbol

3. gNB decodes SR and generates scheduling grant N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively) 

4. Transmission of scheduling grant (assumed always error free) 1 symbol

5. UE processing delay (decoding Scheduling grant + L1 encoding of data); N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)

5.1. UE sends BSR Assume 1 symbol
5.2. gNB decodes SR and generates scheduling grant; N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)
5.3. Transmission of scheduling grant (assumed always error free) 1 symbol
5.4. UE processing delay (decoding Scheduling grant + L1 encoding of data); N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)

6. UE sends UL transmission 1 slot or 7 symbols for eMBB and 2 symbols for URLLC

7. gNB receives and decodes the UL data; N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)
Note. Step 5.1 to 5.4 is added for the case the latency for BSR should be separately considered

Assume 1 symbol for PDCCH ACK/NACK for HARQ calculation.

	Total
	Mean
	17sym for URLLC

34.44sym for eMBB
	18sym for URLLC

35.44sym for eMBB 
	Mean: 17 symbols = 1.2ms for URLLC (0% target BLER)
Mean: 34.44 symbols = 2.46ms for eMBB (1%target BLER)
Assuming processing capability 1 corresponds to eMBB and processing capability 2 corresponds to URLLC.




Table 7: TDL_uc: Latency for message transmission from gNB to V-UE via unicast DL
	Sub-component
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	gNB  destination UE
	Mean
	Max
	7 symbols (assuming target BLER 0% for URLLC)


16 + Target BLER%/100(26) = 16.26
 symbols for 1%BLER for eMBB


	Steps for DL transmission (Adapted from Section A1.1 of TR36.881) and assuming NR [4]:
1. gNB processing and scheduling; N1/2= 4 symbols or 2 symbols (adapted from TR 38.214 table 5.3-1 and table 5.3-2 for processing capability 1 and processing capability 2 respectively)

2. gNB DL transmission duration: length of PDSCH transmission, 1 slot for eMBB, 2 OFDM symbols for URLLC.

3. UE L1/L2 processing; N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)
Assume 1 symbol for PUCCH ACK/NACK for HARQ calculation.

	Total
	Mean
	Max
	7 symbols for URLLC and 16.26 symbols for eMBB
	Mean: 0.5ms for URLLC
Mean: 1.16ms for eMBB

Assuming processing capability 1 corresponds to eMBB and processing capability 2 corresponds to URLLC.



1.3 NR Uu End-to-end latency Summary 
A summary table is provided below for specific scenarios to study the best case latency that can be achieved over the air using NR Uu interface for the advanced use case of remote driving. The delay analysis for LTE Uu has been done earlier and shown in [5]. 
Table 8: Summary of NR Uu Over-the-air latency for different scenarios
	Scenario
	DL/UL scheduling
	URLLC (ms)
	eMBB (ms)

	V2N/V2I support over NR Uu assuming 15kHz SCS, 0% target BLER for URLLC and 1% for eMBB for UL transmission

Not including network delay and other upper layer processing delays.

	UL SPS
	0.5
	1.2

	
	UL dynamic scheduling with no BSR
	0.78
	1.66

	
	UL dynamic scheduling with separate BSR
	1.2
	2.46

	V2N/V2I support over NR Uu assuming 15kHz SCS, 0% target BLER for URLLC and 1% for eMBB for DL transmission

Not including network delay and other upper layer processing delays.

	-
	0.5 
	1.16 



1.3.1 Observations
Observation 2. For remote driving advanced use case which is a V2N scenario if considered as URLLC with target BLER of 0%, the best case UL delay that can be supported with NR Uu is 0.5 ms over the air interface without considering the backhaul/network delay and other optional delays.
Observation 3. For remote driving advanced use case which is a V2N scenario, if considered as eMBB with target BLER of 1% (considering the reliability requirement), the best case UL delay that can be supported with NR Uu is 0.85 ms over the air interface without considering the backhaul/network delay and other optional delays.
Proposal 1. Discuss and agree that Rel-15 NR Uu is capable of supporting the most stringent latency requirement of 3ms for advanced use cases [e.g. advanced driving, remote driving] without any enhancement, considering the delay over the air interface (and assuming that the backhaul/network delay to V2X application server is kept within 4.5ms). 
Proposal 2. RAN2 to send an LS to SA2 to understand if any enhancements are being considered in their architecture study to reduce network delay to V2X application server to enable advanced/remote driving and other advanced V2X use cases. 
Conclusion
In this contribution, we provide an initial latency analysis for NR Uu and have the following proposals:
Observation 1. Remote driving is seen as a primarily Uu based advanced use case with stringent delay (5ms) and reliability requirements. Emergency trajectory alignment between V-UEs has 3ms latency requirement and may use PC5 or Uu.
Observation 2. For remote driving advanced use case which is a V2N scenario if considered as URLLC with target BLER of 0%, the best case UL delay that can be supported with NR Uu is 0.5 ms over the air interface without considering the backhaul/network delay and other optional delays.
Observation 3. For remote driving advanced use case which is a V2N scenario, if considered as eMBB with target BLER of 1% (considering the reliability requirement), the best case UL delay that can be supported with NR Uu is 0.85 ms over the air interface without considering the backhaul/network delay and other optional delays.
[bookmark: _GoBack]Proposal 1. Discuss and agree that Rel-15 NR Uu is capable of supporting the most stringent latency requirement of 3ms for advanced use cases [e.g. advanced driving, remote driving] without any enhancement, considering the delay over the air interface (and assuming that the backhaul/network delay to V2X application server is kept within 4.5ms). 
Proposal 2. RAN2 to send an LS to SA2 to understand if any enhancements are being considered in their architecture study to reduce network delay to V2X application server to enable advanced/remote driving and other advanced V2X use cases. 
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Annex
[bookmark: Table_Unpaired_OS]Table A1: Transition time from RRC_INACTIVE to RRC_CONNECTED for unpaired spectrum [4]
	Component
	Description
	Duration

	
	
	15 kHz SCS
	30 kHz SCS

	1
	Average delay due to RACH scheduling period
	0

	2
	Transmission of RACH Preamble
	2 symbols

	3
	Preamble detection and processing in gNB
	8 symbols
	10 symbols

	4a
	Frame alignment
	2 symbols
	0

	4
	Transmission of RA response
	4 symbols

	5
	UE Processing Delay (decoding of scheduling grant, timing alignment and C-RNTI assignment + L1 encoding of RRC Resume Request)
	30 symbols
	39 symbols

	6a
	Frame alignment
	8 symbols
	0

	6
	Transmission of RRC Resume Request
	4 symbols

	7
	Processing delay in gNB (L2 and RRC)
	3 ms

	8a
	Frame alignment
	0
	3 symbols

	8
	Transmission of RRC Resume (and UL grant)
	4 symbols

	9
	Processing delay in the UE (L2 and RRC) of RRC Resume including the reception of UL grant
	7 ms

	10
	Transmission of RRC Resume Complete
	0

	
	Total delay
	62 symbols + 10 ms = 14.42 ms
	66 symbols + 10 ms = 12.36 ms



Table A2: TRRC: Latency for RRC connection establishment
	Sub-component
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	RRC_INACTIVE to RRC_CONNECTED
	Mean
	Max
	14
	14ms referenced from [4] for unpaired spectrum and 15kHZ SCS. Table in annex. 

	Total
	Mean
	Max
	14
	




Table A3: Tpaging: Latency for reception of paging message
	Sub-component
	Time (ms)
	Description

	
	Min
	Mean
	Max
	

	paging cycle
	Mean
	paging cycle /2
	paging cycle 
	

	gNB  UE
	Mean
	5 symbols for URLLC, 12 symbols for eMBB
	5 symbols for URLLC, 12 symbols for eMBB
	gNB DL transmission duration: length of PDSCH transmission, 1 slot for eMBB, 2, 4, 7 OFDM symbols for URLLC and  UE L1/L2 processing time; N2/2 = 5 symbols or 2 symbols (adapted from TR 38.214 table 6.4-1 and 6.4-2 processing capability 1 and processing capability 2)

	Total
	Mean
	paging cycle/2 + 5 sym or 12 sym
	paging cycle + 5sym or 12 sym
	Mean: 160.35ms for URLLC, 160.85ms for eMBB
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