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1 [bookmark: _Ref528842072]Introduction
During 3GPP October 2018 meeting, RAN2 sent an LS [1] to RAN1 with requests on the following aspects:
ACTION:    RAN2 respectfully asks RAN1 to take the above information into account and:
        provide feedback on whether 0.5 ms latency target can be achieved using current NR specification and/or enhancements considered as part of L1 URLLC enhancements SI.
        provide feedback on what the achievable time synchronization accuracy over Uu interface, considering the synchronicity requirements of TSN networks as mentioned in TR 22.804
Initial agreements on the overall assumptions for evaluations of latency, reliability, and synchronization were further made during RAN1 #95 [2].
However, very recently, in [7], SA1 responded to the RAN2 LS indicating that the requirements may be stricter than what RAN2 and RAN1 had been assuming:
· The synchronicity requirement is meant for both intra- and inter-gNB cases.  It is applicable to all UEs within the service area (irrespective of number of gNBs deployed within the area.)
· 1 µs synchronicity requirement is meant for UE to UE synchronization
This means that the overall Uu interface synchronization error may need to be duplicated to reflect the synchronization inaccuracy between two UEs.
In this contribution, we present our views, analysis, and evaluations on the related aspects following the agreements from RAN1 #95 meeting. 
Particularly, for the 0.5ms latency achievability, we carry out feasibility study and present evaluation results on achievable latency and reliability.
On achievable time synchronization accuracy for TSN use cases, we provide our inputs on related aspects from RAN1 perspective e.g. review of Rel-15 LTE HRLLC timing mechanism and possibility of reusing such mechanism for NR or whether further enhancements are required in order to fulfil SA1 requirements quoted defined in TR 22.804 clause 8.1, etc. 
2 Achievability of 0.5ms latency budget
As quoted in Section 1, RAN2 has requested feedback on feasibility of support of 0.5 ms E2E latency corresponding to at least the following scenario:
	Case
	#UE
	Communications service availability
	Transmit period
	Allowed E2E latency
	Survival time
	Packet size
	Service area
	Traffic periodicity
	Use case

	I
	20
	99,9999% to 99,999999%
	0.5 ms
	≤ Transmit period
	Transmit period
	50 bytes
	15 m x 15 m x 3 m
	Periodic
	Motion control and control-to-control use cases



As already recommended in RAN2 LS, it can be safely assumed that almost all of the 0.5ms latency budget can be available as air interface latency over Uu. Further, as agreed in RAN1 #95, One-way (gNB-to-UE or UE-to-gNB) latency target is 0.5 ms.
While a comprehensive study of the achievable latency for NR has been presented in our companion contribution [3], here, we present a summary on the number of total evaluated cases (over different transmission durations and number of transmissions) which meet the 0.5 ms latency target, under different configurations for UL and DL, FDD and TDD. For UL, transmission using Configured Grant (CG) PUSCH and for DL, dynamic scheduling are assumed. The detailed evaluation assumptions can also be found in [3].
As it can be seen from the tables below, depending on the choices of subcarrier spacing and PDCCH periodicity, certain scenarios satisfy the 0.5 latency budget for UL/DL, FDD/TDD cases (as color-coded in green). 
Table 1– UL user plane worst-case latency for NR FDD with grant free transmission (msec)
	UL user plane latency (Grant free) – NR FDD
	UE capability 2
	UE capability 2
	UE capability 2

	
	SCS 60kHz, FDD
	SCS 30kHz, FDD
	SCS 15kHz, FDD

	
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol

	Resource mapping Type B
	M=2 (2OS)
	Initial TX
	0.2500
	0.2500
	0.2500
	0.3214
	0.3214
	0.3214
	0.5714
	0.5714
	0.5714

	
	
	1 reTX
	0.6786
	0.6786
	0.7143
	0.8214
	0.8929
	0.9643
	1.4286
	1.4286
	1.5714

	
	M=4 (4OS)
	Initial TX
	0.3750
	0.3750
	0.3750
	0.5714
	0.5714
	0.5714
	1.0714
	1.0714
	1.0714

	
	
	1 reTX
	0.8750
	0.8750
	0.8750
	1.2143
	1.2143
	1.3214
	2.0714
	2.0714
	2.0714

	
	M=7 (7OS)
	Initial TX
	0.4286
	0.4286
	0.4286
	0.6786
	0.6786
	0.6786
	1.2857
	1.2857
	1.2857

	
	
	1 reTX
	0.9286
	1.0536
	1.0536
	1.4286
	1.4286
	1.6786
	2.7857
	2.7857
	2.7857

	
	M=14 (14OS)
	Initial TX
	0.6786
	0.6786
	0.6786
	1.1786
	1.1786
	1.1786
	2.2857
	2.2857
	2.2857

	
	
	1 reTX
	1.4286
	1.4286
	1.4286
	2.1786
	2.1786
	2.6786
	4.2857
	4.2857
	4.2857



Table 2 - DL user plane latency for NR FDD (msec)
	DL user plane latency – NR FDD
	UE capability 2
	UE capability 2
	UE capability 2

	
	SCS 60kHz, FDD
	SCS 30kHz, FDD
	SCS 15kHz, FDD

	
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol

	Resource mapping Type B
	M=2 (2OS)
	Initial TX
	0.2589
	0.2589
	0.2946
	0.3393
	0.3393
	0.4107
	0.6071
	0.6071
	0.7500

	
	
	1 reTX
	   0.6875
	   0.6875
	   0.7232
	  0.8750
	  0.9107
	    1.0536
	    1.4643
	    1.4643
	    1.7500

	
	M=4 (4OS)
	Initial TX
	0.3304
	0.3304
	0.3661
	0.4821
	0.4821
	0.5536
	0.8929
	0.8929
	1.0357

	
	
	1 reTX
	    0.8304
	    0.8304
	    0.8661
	    1.0893
	    1.1250
	    1.1964
	    1.8929
	    1.8929
	    2.0357

	
	M=7 (7OS)
	Initial TX
	0.4286
	0.4464
	0.4821
	0.6786
	0.7143
	0.7857
	1.2857
	1.3571
	1.5000

	
	
	1 reTX
	0.9286
	0.9464
	0.9821
	1.3571
	1.4286
	1.7857
	2.4286
	2.5000
	2.7857

	
	M=14 (14OS)
	Initial TX
	0.6786
	0.6786
	0.6786
	1.1786
	1.1786
	1.1786
	2.2857
	2.2857
	2.2857

	
	
	1 reTX
	  1.4286
	  1.4286
	   1.4286
	  2.1786
	  2.1786
	  2.1786
	  4.2857
	  4.2857
	 4.2857



Table 3– UL user plane worst-case latency for NR TDD (each slot has 7 DL symbols, and 7 symbols for UL) with grant free transmission (msec)
	UL user plane latency (Grant free) – NR TDD
	UE capability 2
	UE capability 2

	
	SCS 60kHz, TDD
	SCS 30kHz, TDD

	
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol

	Resource mapping Type B
	M=2 (2OS)
	Initial TX
	0.3929
	0.3929
	0.3929
	0.6071
	0.6071
	0.6071

	
	
	1 reTX
	    0.8929
	    0.8929
	    0.9643
	    1.1071
	    1.1786
	    1.2500

	
	M=4 (4OS)
	Initial TX
	0.5000
	0.5000
	0.5000
	0.8214
	0.8214
	0.8214

	
	
	1 reTX
	    1.0000
	    1.0000
	    1.2500
	    1.8214
	    1.8214
	    1.8214

	
	M=7 (7OS)
	Initial TX
	0.5536
	0.5536
	0.5536
	0.9286
	0.9286
	0.9286

	
	
	1 reTX
	    1.3036
	    1.3036
	    1.3036
	    1.9286
	    1.9286
	    1.9286



Table 4– DL user plane worst-case latency for NR TDD (each slot has 7 DL symbols, and 7 symbols for UL) (msec)
	DL user plane latency – NR TDD 
	UE capability 2
	UE capability 2

	
	SCS 60kHz, TDD
	SCS 30kHz, TDD

	
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol
	PDCCH every symbol
	PDCCH every 2-symbol
	PDCCH every 4-symbol

	Resource mapping Type B
	M=2 (2OS)
	Initial TX
	0.3839
	0.4018
	0.4018
	0.5893
	0.6250
	0.6250

	
	
	1 reTX
	    0.8839
	    0.9018
	    0.9732
	    1.1250
	    1.1964
	    1.2679

	
	M=4 (4OS)
	Initial TX
	0.4554
	0.4732
	0.5089
	0.7321
	0.7679
	0.8393

	
	
	1 reTX
	    1.0446
	    1.0804
	    1.2589
	    1.3393
	    1.4107
	    1.4821

	
	M=7 (7OS)
	Initial TX
	0.5536
	0.5536
	0.5536
	0.9286
	0.9286
	0.9286

	
	
	1 reTX
	    1.1429
	    1.1607
	    1.3036
	    1.6071
	    1.6429
	    1.9286



Observation 1: 
· Depending on the choice of subcarrier spacing and PDCCH periodicity, Rel-15 NR can satisfy the 0.5 latency budget for both UL and DL in certain cases, relying on one-shot transmission/reception.
3 [bookmark: _Ref535005202]Reliability Analysis 
Based on the agreements in RAN1 #95, the system level simulation assumptions for factory automation use case 4GHz (as summarized in Table A.2.2-1 in R1-1814025) should be reused for the TSN evaluation, when applicable, with the following modifications:
	Parameter 
	Value 

	Network layout 
	A single cell placed in the middle of 15 m x 15 m area 

	UE dropping 
	Uniformly dropped over the 15 m x 15 m area 



Accordingly, the geometry SINR for DL and UL are presented below:
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Figure 1- DL SINR geometry for agreed TSN setting
[image: cid:image003.png@01D49167.F5678C10][image: cid:image004.png@01D49167.F5678C10]
Figure 2- UL SINR geometry and corresponding TX power distribution for agreed TSN setting - Under 40 PRB @ 15 kHz SCS there is no power limitation to achieve at least 15 dB SNR
As we can see from the plots, the 5-percentile SINR occurs at least at about 15-25 dB. These numbers are significantly larger than the minimum required SNR needed for successful transmission/reception of UL/DL packets of size 50 bytes at the reliability of 1e-4 or 1e-6. As a result, meeting the reliability targets of TSN use cases under the given assumptions should not require any further consideration or enhancement. 
Observation 2: 
· For the deployment assumptions agreed at RAN1 #95, the reliability targets of 10-4 or 10-6 residual BLER can be comfortably achieved even when subject to the 0.5 ms latency budget, implying one-shot Tx/Rx.
4 Time Synchronization Accuracy 
Since different factors contribute to the overall synchronization error budget to meet the desired target accuracy, e.g. 1us mentioned in TR 22.804, it may be prudent to study each of these factors. Accordingly, RAN1 needs to discuss the related aspects impacting synchronization accuracy.
In the following, some key observations regarding the synchronization mechanism for Rel-16 NR are provided.
Review of LTE Rel-15 HRLLC Synchronization Design
In R-15 LTE HRLLC, a mechanism was defined to provide time reference information with a 0.25 µs granularity, through SIB16 or UE-specific signalling, where a common time reference structure (timeReferenceInfo IE) is used within both unicast and broadcast message. Accuracy of the indicated time reference can also be signalled to the UE. 
However, according to the agreement made during RAN1 #95, for the analysis of time synchronization accuracy, RAN1 does not consider the effects of the granularity & accuracy of the absolute timing indication information by the gNB, and assumes perfect timing is sent by the gNB. Hence, there is no need to consider the error related to time reference delivery by the base station, as of the indicating error associated with the indicating granularity, in RAN1 studies. 
The time reference indication does not account for and compensate the RF propagation delay, as specified in Rel-15 HRLLC. This implies that in order to achieve suitable timing reference accuracy, the UE may need to adjust for the propagation delay. For instance, the UE could compensate the propagation delay through the timing advance (TA) command received from the network and the performance depends on how network can estimate the uplink transmission timing (also see [4]).
Review of Overall Synchronization Accuracy Estimation
In the absence of any DL reference timing errors at the UE receiver, the time clock of UE can be seen as the received time clock of gNB plus DL propagation delay. Regarding the clock synchronization requirement and how this is related to the time reference design in LTE HRLLC Rel-15 as discussed in the previous subsection, we note that different elements potentially impact the time synchronization accuracy between UE and gNB, as also studied in [5,6]:
· Reference time information delivery by the base station
· Downlink frame timing applied by UE
· The estimation of downlink propagation delay

The error components for each of the above are summarized below:
1- Error related to time reference delivery: Frame timing accuracy of the BS transmitter, 
· Requirement for Time Alignment Error (TAE) defined in clause 6.5.3.2 of TS38.104. The maximum error is to within ±65ns (for all SCSs). 
2- Error related to the UE determination of the DL frame timing 
· UE minimum requirements defined as Te in TS 38.133 for different scenarios and subcarrier spacing, Table 7.1.2-1.
· 390, 260, 227 ns for SCS = 15, 30, 60 KHz, respectively. 
3- [bookmark: _Ref519583545]Error sources for DL propagation delay estimation include: 
· Asymmetry between DL and UL links in propagation delay.
· This error may not contribute to the overall budget significantly, for low delay spread channels and/or in TDD cases
· Error in the estimation of the UL timing at the gNB.
· This depends on the gNB receiver detection algorithm and configuration of UL signals (any UL reference signal) used to perform such UL timing detection and adjustments (PRACH, SRS, PUSCH DMRS, etc.)
· In [5,6], simulation results are provided to estimate this error factor. In [6], 300ns RMS delay spread has been considered for the underlying channel which contributes to larger errors. However, for small cell deployments or very limited service areas, this value should be smaller due to relative smaller RMS delay spreads (e.g., 30ns was agreed during RAN1 #95 for the delay spread value channel model for link-level studies for TSN use cases). Further, the detection performance improves with wideband reference signals, and for the considered deployment scenario, as also seen from the UL geometry results in Section 3, wideband transmissions in such scenarios may be quite feasible as almost no UE is expected to be power-limited.
· In [6], a max. error of about 100ns for 15kHz SCS and slightly smaller values for higher SCS due to the lower higher time sample granularity error of ± ½ 64∙Tc/2μ is claimed based on feasible Rel-15 gNB implementations (i.e. 92ns for 30kHz, 88ns for 60kHz SCS). Also, it is noted that even with a perfect detection, there is still an error due to the time sample granularity given by ± ½ 64∙Tc/2μ. 
· Indicating granularity of the TA command 
· This can be as large as half of the indicating granularity defined in TS38.213, sub-clause 4.2 for different subcarrier spacing.
· For SCS of 15kHz this error is 260ns, whereas for SCS of 60 and 120kHz it is 65 and 32ns, respectively.
· Relative Timing Advance adjustment accuracy: TA adjustment error at the UE side.
· For SCS of 15and 30 kHz this error is 130ns, whereas for SCS of 60 it is 65ns. 
· Error related to the UE determination of the DL frame timing as also mentioned above.

Since the error in TA estimation is composed of BS detecting error, TA indicating error, and DL frame timing error, it can be shown that the error in DL propagation delay estimation can be computed as half of the addition of DL/UL asymmetry error and the error in TA estimation.
Accordingly, the total error of the time synchronization between UE and gNB can be estimated as the aggregated errors of each element, as listed in the table below for different SCSs. 
Table 5– Worst-case timing synchronization inaccuracies
	Inaccuracy component
	SCS 15kHz 

	SCS 30kHz 
	SCS 60kHz 

	Frame timing inaccuracy of BS transmitter
	65ns
	65ns
	65ns

	Asymmetry between DL and UL links in propagation delay
	~0ns
	~0ns
	~0ns

	UE determination of DL frame timing
	390ns
([12].64.Tc)
	260ns
([8].64.Tc)
	227ns
([7].64.Tc)

	Estimation error of UL timing at the gNB 
	100ns [6]
	92ns [6]
	88ns [6]

	Indicating granularity of TA command 

	260ns
(8.64.Tc)
	130ns
(4.64.Tc)
	65ns
(2.64.Tc)

	Relative Timing Advance adjustment inaccuracy
	130ns 
(256.Tc)
	130ns 
(256.Tc)
	65ns 
(128.Tc)

	Total error (2×sum of listed components)
	945ns
	677s
	510ns



We note that in typical scenarios, most of these error components (except those related to granularity) can be smaller than the worst-case limits as shown in the table.
Further, while it is reasonable to expect that in some scenarios the very strict synchronicity requirement of 1us accuracy may not be achievable, considering the error components above and their values (for those that are known/defined), it can be seen that in certain cases it may be possible to meet the current requirements by using a Rel-15 HRLLC-like signaling framework and relying on the UE-side estimation and compensation of the radio propagation delay. This correlates well with some of the analyses reported in [6], at least when assuming intra-gNB cases for the <1us synchronicity requirement. Although this may be aligned with the agreement made during RAN1 #95 that RAN1 analysis may only consider Uu interface (i.e., between gNB and a single UE), based on the SA1 response as mentioned in the introduction, inter-gNB as well as intra-gNB synchronization should be considered.
On the other hand, we note that even for inter-gNB cases, for factory automation use cases, it is reasonable to expect the source-clock very close to the gNB, thus not requiring a large number of hops for time synchronization, and thus, the error budget available for the Uu interface can, in practice, be close to +/-500ns. 
5 Enhancements to Time Synchronization Accuracy in Rel-16 NR
Certain enhancements could be considered to enable further cases or provide further margin to the strict synchronicity target. Some approaches are discussed in the following. 
Finer granularity of timing advance signaling
Similar to the case of time reference signaling, increasing the TA granularity can also help reduce the contribution to the synchronization error as part of enabling a more accurate estimation of the TA value at the UE. Considering the very tight requirement, it may be worthwhile to consider such enhancements, at least for smaller SCS choices. 
Pre-compensation of the propagation delay at the gNB transmitter
Further, enhancements to the signaling framework of HRLLC can also be considered. For instance, in Rel-16 NR, in some cases, it may be possible for the network to better estimate and (pre-)compensate for the propagation delay on a per-UE basis and use the UE-specific signaling to indicate and/or fine tune the indicated time reference. By not relying on estimation of propagation delay at the UE side, such an approach also avoids the error components in the estimation of the propagation delay due to TA indication error and DL reference timing error (i.e., no impact from TA command granularity and Te in propagation delay estimation).
We note that, for such cases, it may also be beneficial to reduce the granularity of time reference indication from 0.25us.  However, the overall impact to signaling framework and overhead may need further consideration in RAN1 and RAN2 WGs.
Observation 3:
· Various error components may play non-negligible roles in the overall accuracy of time synchronization for the strict accuracy requirement of < 1us synchronicity over Uu interface.
· It may still be possible to satisfy the requirement in various scenarios when assuming intra-gNB cases or when assuming tight synchronization between gNBs in a factory environment.  

Proposal 1: 
· The following enhancements towards enabling tight synchronicity performance may be considered:
· Pre-compensation of propagation delay at the gNB when transmitting the time reference information to connected mode UEs via unicast signaling
· Finer granularity of TA command
Proposal 2: 
· RAN1 to discuss further on how to address the latest clarifications from SA1 WG on the TSN requirements considering the guidance received so far from RAN2 WG
6 Conclusions
In this contribution, we provided latency budget evaluation for Rel-16 NR from RAN1 perspective, as well as reliability analysis for TSN use cases. Further, we provided analysis on synchronization accuracy, and we have the following overall observations and proposals:
Observation 1: 
· Depending on the choice of subcarrier spacing and PDCCH periodicity, Rel-15 NR can satisfy the 0.5 latency budget for both UL and DL in certain cases, relying on one-shot transmission/reception.
Observation 2: 
· For the deployment assumptions agreed at RAN1 #95, the reliability targets of 10-4 or 10-6 residual BLER can be comfortably achieved even when subject to the 0.5 ms latency budget, implying one-shot Tx/Rx.

Observation 3:
· Various error components may play non-negligible roles in the overall accuracy of time synchronization for the strict accuracy requirement of < 1us synchronicity over Uu interface.
· It may still be possible to satisfy the requirement in various scenarios when assuming intra-gNB cases or when assuming tight synchronization between gNBs in a factory environment.  
Proposal 1: 
· The following enhancements towards enabling tight synchronicity performance may be considered:
· Pre-compensation of propagation delay at the gNB when transmitting the time reference information to connected mode UEs via unicast signaling
· Finer granularity of TA command
[bookmark: _GoBack]Proposal 2: 
· RAN1 to discuss further on how to address the latest clarifications from SA1 WG on the TSN requirements considering the guidance received so far from RAN2 WG
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