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According to the IIOT/URLLC WID [1] as quoted below, one major objective is enhancement for support of uplink time synchronization (e.g. uplink time synchronization for TSN).  
	1. Enhancements for support of time synchronization:
a. RAN impacts of SA2 work on uplink time synchronization for TSN, if any. [RAN2]
b. Propagation delay compensation enhancements (including mobility issues, if any). [RAN2, RAN1, RAN3, RAN4]


In RAN2#111e meeting, the following email discussion has been agreed, which aims to collect views from companies.
· [Post111-e][924][R17 URLLC/IIoT] Propagation delay for TSN (Nokia)
	1st phase: Agree on baseline scenarios and then for each scenario the high-level breakdown on the delay components and agree on assumptions.  Identify the aspects that RAN1 should investigate
	2nd phase: Identify the set of possible options to continue investigating and how they address each component 
	Intended outcome: report to next meeting
	Deadline: Long

In this contribution, we provide our understanding on the potential enhancements of the TSN network based on the report of email discussion.
Discussion
Information from RAN2 Email discussion
For the scenarios of time synchronization, RAN1 has already agreed two of the following use cases for further study, which is abstracted from TS 22.104 Table 5.6.2-1.
	User-specific clock synchronicity accuracy level 
	Number of devices in one Communication group for clock synchronisation
	5GS synchronicity budget requirement 
(note)
	Service area 
	Scenario

	2
	Up to 300 UEs
	≤900 ns 	
	≤ 1000 m x 100 m
	· Control-to-control communication for industrial controller

	4
	Up to 100 UEs
	<1  µs
	< 20 km2
	· Smart Grid: synchronicity between PMUs

	NOTE:	The clock synchronicity requirement refers to the clock synchronicity budget for the 5G system, as described in Clause 5.6.1.


Based on the two use cases identified by RAN1, the following time synchronization scenarios has been identified by RAN2 as shown in the Fig.1 and Fig.2.
Scenario 1:TSC devices behind a target UE are synchronized to any TD from a GM behind the CN;
Scenario 2:TSC devices behind a target UE are synchronized to any TD from a GM behind the UE;
Scenario 3: TSC devices behind a target UE are synchronized to the 5G GM;
During the email discussion, all companies think both Scenario 2 and Scenario 3 should be considered in the evaluation of enhancements for propagation delay compensation. Thus, we will focus on the scenario 2 and scenario 3 and provide our analysis.
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[bookmark: _Ref50644003]Fig. 1. Illustration of the control-to-control use case with two possible scenarios (Scenario 1 and 2).
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[bookmark: _Ref50643966]Fig. 2. Illustration of the smart grid use case and a corresponding scenario (Scenario 3).
In addition, all companies agree that 5GS E2E synchronization budget could be split into three parts namely Device, Uu interface and Network as shown in the following figure. Next, will give our inaccuracy analysis based on this kind of synchronization error split.
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[bookmark: _Ref50466339]Figure 3. Possible breakdown of the 5GS E2E path
Inaccuracy analysis
The following inaccuracy analysis is calculated after removing the propagation delay by using NTA/2. The whole procedure of reference time provisioning in the UE includes two separate procedures:
· Procedure 1: The gNB provides the referenceTime (which is pointed to a specific SFN) to the UE via SIB/DLInfomationTransfer.
· Procedure 2: The UE after receiving the network indication of requiring the propagation compensation triggers RACH to obtain an NTA closest to the provided referenceTime.
The structure and error components of the following table in chapter 2.2.1 and 2.2.2 are based on [2][3][4].


Figure 4: Procedure of reference time provisioning and propagation delay compensation
Smart grid (scenario 3)
For scenario 3, inaccuracy for Network part is caused by the synchronization error between gNB and 5G GW. During the email discussion, the majority of companies agree that the error budget of NW part is modeled as ±100ns.
According to the description of TS 23.501, the DS-TT may not be integrated into UE. For the case that the DS-TT and UE is separate, it is proposed to model the error budget for device part one PTP hop (i.e., ±40ns). Considering the device may have lower sync accuracy ability than NW node, we prefer to leave a more tolerable error budget for the device part. For example, error budget of ±50ns for the device part can be assumed.
Table 1: Timing error in clock synchronization for scenario 3
	Factors
	Timing error type
	Requirement for different SCS (kHz)
(unit: ns)

	
	
	15
	30

	1
	Inaccuracy caused by downlink/uplink frame timing alignment

	1.1
	Time alignment error of gNB transmitter (TETAE)
	65
	65

	1.2
	Inaccuracy caused by UE detection (TEUE-DL-RX)
	260
	260

	1.3
	Inaccuracy caused by propagation delay when propagation delay is decided from TA. (1.3.1+1.3.2+1.3.3)/2
	375
	245

	1.3.1
	Inaccuracy of UE transmitting (TEUE-DL-to-TX)
	390
	260

	1.3.2
	Inaccuracy of gNB detection (TEUL-RX)
	100
	100

	1.3.3
	Inaccuracy caused by TA indication (TETA-G).
	260
	130

	1.4
	Inaccuracy caused by propagation delay when considering 20Km2 service area (TEPD)
	8410
	8410

	2
	Inaccuracy caused by time reference information delivery from gNB to UE (TERT)
	5
	5

	3

	Inaccuracy caused by the synchronization between the gNB and TG GM
	100
	100

	4
	Inaccuracy caused by the synchronization between the UE and the DS-TT
	50
	50

	Total error over Uu
	 Total inaccuracy for 20 km2 service area (with propagation compensation) = 1.1+1.2+1.3+2
	705
	575

	Total error of 5GS E2E
	Total inaccuracy for 20 km2 service area (with propagation compensation) = 1.1+1.2+1.3+2+3+4
	855
	725


According to the analysis given in the above table, the inaccuracy of 15/30KHz SCS can fulfil the TSN clock synchronization requirements of 1000ns for scenario 3. 
Observation 1：Propagation delay compensation based on legacy TA can be used to support the smart grid use case with synchronization requirements of 1000ns.
Control-to-Control use case (scenario 2)


Figure 3: UE-to-UE gPTP message transmission
An example of UE-to-UE gPTP message transmission is illustrated above. As two UE(s) need to be synchronized with the 5G GM via the reference time provided by the gNB. Then the errors added by the two UEs would be doubled. 
During the email discussion, there is a common understanding that a single gNB is not enough to cover the service area with 1000m*100m. The network deployment of more than one gNB/DU/TRP is possible. No matter what kind of network deployment is, the majority of companies think that the error budget of NW part can modeled as ±|TE|<N*40ns. Our view is that N is assumed as 4 for both the network architecture with/without CU/DC split.
Table 2: Timing error in clock synchronization for scenario 2
	Factors
	Timing error type
	Requirement for different SCS (kHz)
(unit: ns)

	
	
	15
	30

	1
	Inaccuracy caused by downlink/uplink frame timing alignment

	1.1
	Time alignment error of gNB transmitter (TETAE)
	65
	65

	1.2
	Inaccuracy caused by UE detection (TEUE-DL-RX)
	260
	260

	1.3
	Inaccuracy caused by propagation delay when propagation delay is decided from TA. (1.3.1+1.3.2+1.3.3)/2
	375
	245

	1.3.1
	Inaccuracy of UE transmitting (TEUE-DL-to-TX)
	390
	260

	1.3.2
	Inaccuracy of gNB detection (TEUL-RX)
	100
	100

	1.3.3
	Inaccuracy caused by TA indication (TETA-G)
	260
	130

	1.4
	Inaccuracy caused by propagation delay when considering 1000 m x 100 m service area (TEPD)
	105
	105

	2
	Inaccuracy caused by time reference information delivery from gNB to UE (TERT)
	5
	5

	3

	Inaccuracy caused by the synchronisation between the gNB and 5G GM
	160
	160

	4
	Inaccuracy caused by the synchronization between the UE and the DS-TT
	50
	50

	Total error over Uu
	Total inaccuracy over Uu for 1000 m x 100 m service area (with propagation compensation) = (2*(1.1+1.2+1.3+2))
	1410
	1150

	Total error of 5GS E2E
	 Total inaccuracy for 1000 m x 100 m service area (with propagation compensation) = (2*(1.1+1.2+1.3+2+3+4))
	1830
	1570



According to the analysis given in the above table, the inaccuracy of 15/30KHz SCS cannot fulfil the TSN clock synchronization requirements of 900ns even after the propagation delay compensation based on TA. 
Observation 2: After the propagation delay compensation based on TA, the inaccuracy of 15/30KHz SCS cannot fulfil the TSN clock synchronization requirements of 900ns for UE-to-UE time synchronization use case.
Except for TA based propagation delay compensation, RAN1 agreed that RTT based delay compensation is also a candidate solution.
· Option 2: RTT based delay compensation:
· Propagation delay estimation based on an RAN managed Rx-Tx procedure intended for time synchronization (FFS to expand or separate procedure/signaling to positioning). 

For RTT based delay compensation, we observe that at least the following aspects should be taken into consideration, with respect to RTT method in positioning:
· Exchange of time information. In positioning project, gNB does not know the transmitting time and receiving time of reference signal at UE side and vice versa. In order to perform propagation delay compensation at UE or gNB, exchange of time information is needed between gNB and UE.
· Support UE based delay compensation. In positioning project, as UE based RTT is not supported,  UE based delay compensation is not supported. In R16 IIOT, it has been supported that performing propagation delay compensation by implementation. Thus, it is better to support UE based compensation to keep align with R16.
· Resource allocation of UL reference signal. In positioning project, the large bandwidth of UL reference signal is used to guarantee accuracy. In IIOT, the larger bandwidth of UL reference signal is required for all UEs if high accuracy delay compensation is needed. Thus, the overhead of UL reference signal is huger as UL reference signal is UE specific, with respect to positioning scenario.
· The signaling overhead caused by triggering RTT based delay measurement. Obtaining required precision for external clock may need quite frequent time information updates over Uu. Thus, the signaling overhead caused by triggering RTT based delay measurement may be huge in order to guarantee the synchronization error is always less than 900ns.
Obviously, RTT-based method in positioning cannot be directly reused in IIOT which means that large specification work may be needed. However, for TA based delay compensation, we do not have to introduce other measurements and procedures, as the TA which is always needed for the uplink synchronization can be obtained via the RACH procedure. Moreover, legacy TA based compensation is enough to support smart grid use case based on our analysis above. We prefer not to introduce different solutions to handle different scenarios. Thus, it is proposed to adopt TA based propagation delay compensation, i.e., NTA/2 based compensation is used.
Proposal 1: NTA/2 is used for the propagation delay compensation of the reference time.
According to the analysis given in the above, the TSN synchronization requirement cannot be fulfilled even after the propagation delay compensation based on TA, the potential enhancements could include following aspects:
· More accurate DL signal detection (1.2)
· More accurate UL signal transmission (1.3.1)
· More accurate UL signal detection (1.3.2)
· Finer granularity of TA indication (1.3.3)

Observation 3: The potential enhancements after propagation delay compensation based on TA could include the following aspects:
· More accurate DL signal detection (1.2)
· More accurate UL signal transmission (1.3.1)
· More accurate UL signal detection (1.3.2)
· Finer granularity of TA indication (1.3.3)

With the above Observation 2 and 3, RAN2 is kindly requested to discuss whether an LS to RAN1 and RAN4 is needed to consider the potential enhancements after the propagation delay compensation.
Proposal 2: RAN2 is kindly requested to discuss whether an LS to RAN1 and RAN4 is needed to consider the following enhancements:
· More accurate DL signal detection (1.2)
· More accurate UL signal transmission (1.3.1)
· More accurate UL signal detection (1.3.2)
· Finer granularity of TA indication (1.3.3)
Conclusions
Based on the analysis given above, we have the following Observations and Proposals:
Observation 1：Propagation delay compensation based on legacy Timing advance can be used to support the smart grid use case with synchronization requirements of 1000ns.
Observation 2: After the propagation delay compensation based on TA, the inaccuracy of 15/30KHz SCS cannot fulfil the TSN clock synchronization requirements of 900ns for UE-to-UE time synchronization use case.
Observation 3: The potential enhancements after propagation delay compensation based on TA could include the following aspects:
· More accurate DL signal detection (1.2)
· More accurate UL signal transmission (1.3.1)
· More accurate UL signal detection (1.3.2)
· Finer granularity of TA indication (1.3.3)
Proposal 1: NTA/2 is used for the propagation delay compensation of the reference time.
Proposal 2: RAN2 is kindly requested to discuss whether an LS to RAN1 and RAN4 is needed to consider the following enhancements:
· More accurate DL signal detection (1.2)
· More accurate UL signal transmission (1.3.1)
· More accurate UL signal detection (1.3.2)
· Finer granularity of TA indication (1.3.3)
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Annex A
The following texts are extracted from [4]:
	3.2.1 gNB transmit time alignment error (TETAE)
The maximum gNB transmit time alignment error is defined in 38.104 Sec. 6.5.3. At a single carrier, the maximum error is to be within ±65ns. 
3.2.2 Propagation delay (TEPD)
This error source is only applicable for the case of small service areas without propagation delay / timing advance compensation. 
3.2.4 UE transmit timing error (TEUE-DL-to-TX)
The maximum transmit timing error which is allowed according to 38.133 Sec. 7.1.2 is given by the following table: 
Table 7.1.2-1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals (KHz)
	SCS of uplink signals s(KHz)
	Te

	1
	15
	15
	[12]*64*Tc

	
	
	30
	[10]*64*Tc

	
	
	60
	[10]*64*Tc

	
	30
	15
	[8]*64*Tc

	
	
	30
	[8]*64*Tc

	
	
	60
	[7]*64*Tc

	2
	120
	60
	[3.5]*64*Tc

	
	
	120
	[3.5]*64*Tc

	
	240
	60
	[bookmark: OLE_LINK4][bookmark: OLE_LINK3][3]*64*Tc

	
	
	120
	[3]*64*Tc

	Note 1:	Tc is the basic timing unit defined in TS 38.211 [6]

Editor’s note: The final values of Te for 120KHz SSB SCS are subject to further discussions in further meeting, and may not be outside 3*64*Tc to 3.5*64*Tc.



3.2.5 UE reception timing error (TEUE-DL-RX)
The achievable synchronization accuracy will be very much dependent on the (bandwidth of the) used reference signal and the possible related time domain resolution in the estimation process. For FR1 and 30kHz SCS, the t-sync accuracy based on PSS/SSS will be in principle limited to about ±8Ts (~260ns) whereas for PBCH DM-RS the limitation is reduced to ~130ns. 

3.2.6 gNB UL receive timing estimation error (TEUL-RX)
The UL receive timing of UE can be estimated at gNB based on any UL reference signal, such as PUSCH DM-RS, PUCCH DM-RS, or SRS. In applications such as closed-loop motion control, we may assume that PUSCH will be available in each motion control cycle. 
Here we analyse the error of short-term, single-shot UL receive timing estimation on PUSCH. The short-term UL receive timing estimation error on PUSCH consists of two components: CIR peak detection error and error due to time sample granularity.  
The peak detection error is determined based on simulations and shown below, expressed as the deviation from the true TO in terms of number of FFT samples. The simulations results shown in Figure 3.2-1 assume 5.4 GHz carrier frequency, AWGN channel, and 2Tx2Rx. The results show close to perfect detection for a larger PUSCH allocation of #PRB≥64. For a very small PUSCH allocation of 4 PRBs and low SNR, e.g. -5 dB ≤ SNR ≤ 0 dB, the detection error is in the order of ~±5 time samples, e.g. ~±5·64∙Tc/2μ corresponding to ~±160ns for 15kHz SCS. Specifically, for highly-reliable communication in the low SNR regime a larger PRB allocation is needed to support low MCS and therefore, we think that the higher PRB allocations are more typical in this respect. 

3.2.7 Timing advance adjustment granularity (TETA-G)
The timing adjustment granularity (as specified in 38.213 Sec. 4.2) is dependent on the applied SCS and is defined as 16∙64∙Tc/2μ. The quantization error is half the indication granularity, meaning that the maximum error is given by:
TETA-G=8∙64∙Tc/2μ
Specifically, for lower SCS values such as 15kHz the TETA-G,15kHz=260ns which will take a large part of the UE timing accuracy budget of 1μs (13%) whereas for higher SCS such as 120kHz this contribution will play only have a minor effect (TETA-G,120kHz=32ns). 

3.2.8 Relative Timing Advance adjustment accuracy (TETA-err)
The maximum allowed values are specified in TS 38.133 Sec. 7.3.2.2 in the following table: 
Table 7.3.2.2-1: UE Timing Advance adjustment accuracy
	Sub Carrier Spacing, SCS kHz
	15
	30
	60
	120

	UE Timing Advance adjustment accuracy
	±256 Tc
	±256 Tc
	±128 Tc
	±32 Tc
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