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1	Introduction
SA2 Rel-17 calls for a new use case for TSN Grandmaster clocks supported within the context of TSN-5GS interworking wherein TSN Grandmaster clocks are located at end stations connected to UE/DS-TTs. This new Rel-17 use case involves two Uu interfaces in the 5GS path (i.e. 5GS ingress to the 5GS egress) over which a TSN Grandmaster clock is relayed. Considering that up to 540ns of uncertainty can be introduced by a single Uu interface when using the legacy Timing Advance method to determine the downlink propagation delay as indicated by [1], supporting a 5GS path that includes two Uu interfaces will be problematic when the maximum allowed uncertainty allowed over the 5GS path is limited to 900ns per Table 5.6.2-1 of [2] (see Appendix also). For the Rel-17 URLLC/IIoT WI, RAN1 is directed to investigate possible enhancements in the following area: 
· Propagation delay compensation enhancements (including mobility issues, if any). [RAN2, RAN1, RAN3, RAN4]

Possible enhancements to the legacy Timing Advance method as well as the possible use of an enhanced RTT method to determine the total uncertainty introduced per Uu interface were discussed in [7]. In this contribution, we investigate further the accuracy achievable via the TA-based method and the RTT-based method for propagation delay estimation.
[bookmark: _Ref178064866]2	Discussion
An example of the Two Uu interface use case is illustrated in Figure 1 below, wherein two UEs can be connected to different gNBs, thereby introducing the potential for increased uncertainty compared to the case where each UE is connected to the same gNB.
The 5GS synchronicity budget requirement can be as low as 900ns in what is currently the most demanding TSN – 5GS integration use case (see Appendix and [6]) and represents the portion of the end-to-end synchronicity budget applicable between the ingress and egress of the 5G system (see Figure 1). The per Uu interface synchronization error represents a portion of the end-to-end synchronicity budget and consists of the uncertainty introduced when (a) sending the 5G reference time from gNB antenna to the UE antenna by including ReferenceTimeInfo in either a DLInformationTransfer RRC message or SIB9 and then (b) adjusting the 5G reference time to reflect the downlink propagation delay. These uncertainties are further discussed below.
[image: ]
Figure 1: TSN E2E Timing delivery case 2 – ingress at UE
In RAN1#102e, it was agreed that both control-to-control and smart-grid use cases are used as representative cases for study, where 
· One Uu interface is assumed for smart grid. 
· Two Uu interfaces are assumed for control-to-control.
On the other hand, one set of Rel-17 enhancements should be adopted for both use cases. In other words, RAN1 only needs to come up with a method to satisfy the most stringent requirement, and the same method can be applied to support other use cases as well.

In [9], it has been calculated that: the Uu interface synchronicity budget for smart grid is 795 ns and the Uu interface synchronization budget for control-to-control is 185ns.  Thus, RAN1 should study the enhancements for the control-to-control use case, with the sanity check that the same method works for smart grid case as well.


[bookmark: _Toc54381256]RAN1 pursue one set of Rel-17 enhancement to satisfy the accuracy requirement of propagation delay compensation for all use cases. 


2.1	Time Synchronization Error if using the TA-based propagation delay estimation

In general, for both the TA-based method and the RTT-base method, the total uncertainty introduced for a single Uu interface consists of:
· Uncertainties related to the gNB transmission of the 5G reference time. This is reflected by .
· Uncertainties related to the determination of downlink PD.  This is a major contribution to the total uncertainty when the 5G system clock is adjusted to reflect the downlink propagation delay (PD).
When using the TA-based propagation delay method to determine the downlink PD value, the propagation delay is estimated as half of the Timing Advance. The total uncertainties when using TA-based method is described by the equation below [7].

(1)

The error components are:
(a) : The uncertainty due to the value of the 5G reference time indicated by the gNB as being applicable to the end of SFNx not reflecting the actual 5G reference time value when the end of SFNx occurs at the gNB Antenna Reference Point (ARP). Three possible values were offered at RAN1#102e for this error component:
· Option 1: ±65ns 
· Option 2: ±130ns for the indoor scenario and ±200ns for the smart grid scenario
· Option 3: ±82.5ns (selected herein for evaluation purposes)
[bookmark: _Hlk53679562](b) :  The uncertainty associated with UE downlink frame timing detection. As a worst case, a UE synchronizes to the DL using Sync Signal Block (SSB) received within the last 160 ms, where SSB contains information identifying specific DL frame and slot numbering.
· Value is FFS as of RAN1#102e. In the following, for evaluation purpose, we assume ==100ns.
(c) : The UE transmit time error, where a UE performs transmission of UL frames after acquiring the first detected path of the corresponding downlink frame and applying the most recently received TA information. This error is denoted as Te in TS 38.133. Among the values tabulated in TS 38.133, the following is selected considering that 15 kHz SCS has been agreed for the selected scenarios.
· ±12*64*Tc = 768*Tc = 391ns (assuming 15kHz SCS for SSB signals, 15kHz SCS for uplink signals)
(d) : The uncertainty with which a gNB acquires UL frame timing, which affects how accurately it determines the difference between when an UL slot has been received and when that slot should have been received if the UE was perfectly time aligned (i.e. this uncertainty affects the value the gNB sends within the MAC TA command). According to agreement from RAN1#102e, the following value is assumed:
· ±100ns
(e) :  The uncertainty due to timing advance (TA) command granularity. Maximum value of this uncertainty is half of TA command granularity in the existing NR specification where µ represents the applicable SCS:
· ±8*64*Tc/2m = 512*Tc = 260ns (µ = 0 for 15 kHz SCS)
(f) : The uncertainty due to “Timing Advance adjustment accuracy” performed by a UE, see section 7.3.2.2 of TS 38.133. For 15 kHz SCS, the accuracy requirement is:
· ±256 * Tc = 130ns

In the above, time unit  (sec). Plugging in the value of each error components to (1), we obtain 
total uncertainty = 82.5 +  0.5*(  + 391 + 100 + 260 + 130) = 523 + 0.5* (ns)
If assuming that UE DL reception inaccuracy is the same as gNB UL reception inaccuracy, i.e., 100ns, then the total uncertainty is 
total uncertainty = 82.5 +  0.5*(100 + 391 + 100 + 260 + 130) = 573 (ns)

Using the TA-based propagation delay method to determine the downlink PD value and using it to adjust the 5G reference time introduces over 523ns of uncertainty for a single Uu interface. For the smart grid use case with a single Uu interface (Uu interface error budget = 795 ns [9]), TA-based method is sufficient.  However, TA-based method is inadequate for supporting the control-to-control use case when two Uu interfaces are involved. 
In Table 1, the achievable accuracy for each options of TA method is listed. Compared to the Uu interface error budget = 185ns [9] for the control-to-control use case, the requirement cannot be satisfied under any of the options. 

[bookmark: _Toc54381042]None of the TA-based options can satisfy the time synchronization accuracy of the control-to-control use case.

[bookmark: _Toc54381257]RAN1 does not adopt the TA-based method for propagation delay compensation. 

Table 1. Clock synchronization achievable by the 3 options of TA-based method
	Option 1: TA-based propagation delay
	Clock synchronization achievable

	Option 1a: Propagation delay estimation based on legacy Timing advance (potentially with enhanced TA indication granularity).
	· 573 ns if assuming the existing Te and TA indication granularity
· 443 + 0.5* (ns) if assuming existing Te, and considering enhanced TA indication granularity 

	Option 1b: Propagation delay estimation based on timing advanced enhanced for time synchronization (as 1a but with updated RAN4 requirements to TA adjustment error and Te)
	· 247.5 + 0.5*( (ns) if considering both enhanced Te and enhanced TA indication granularity
· 377.5 + 0.5* (ns) if assuming existing TA indication granularity, and considering enhanced Te

	Option 1c: Propagation delay estimation based on a new dedicated signaling with finer delay compensation granularity (Separated signaling from TA so that TA procedure is not affected)
	· 443 + 0.5* (ns) if assuming existing Te, and considering enhanced TA indication granularity




2.2	Time Synchronization Error if using the RTT-based propagation delay estimation
The RTT-based method is investigated in this section to estimate the time synchronization error when used to adjust the value of the 5G system clock. The overall uncertainty consists of the error due to signaling the 5G reference time to the UE (i.e. ) and the error due to adjusting the value of the 5G reference time with estimated propagation delay (PD). The component of  is the same as that of TA-based method. In the following, we focus on the error due to propagation delay compensation via RTT-based method.
For RTT-based method, the timing relationship of transmission and reception is illustrated in Figure 3, at both the gNB side and the UE side. 
[image: ]
Figure 3: Timing relationship of DL transmission and UL transmission

With reference to Figure 3, the following relationship exists:


The propagation delay is estimated as half of , where

As described in TS 38.215, the measurement of gNB Rx-Tx time difference provides , and the measurement of UE Rx-Tx time difference provides .
When using  to estimate propagation delay, the total uncertainties when using RTT-based method is captured in the equation below:

 (2)
In the above,  is included to reflect the error due to report granularity of Rx-Tx time difference.  Component  can be that of gNB Rx-Tx time difference or UE Rx-Tx time difference, depending on the higher-layer signalling design. For example, if UE reports its measurement of UE Rx-Tx time difference to gNB for gNB to perform propagation delay compensation, then  equals to half of reporting granularity of UE Rx-Tx time difference. 
To evaluate the time synchronization error, we assume the following values:
(a) : 	select 82.5ns, the same as that of TA-based method.
(b) :		100ns, if no enhancement for RTT-based method (e.g., better SRS) as compared to existing TA-based method for UL timing estimation.
(c)  : 	the same as that of TA-based method, if no enhancement for RTT-based method (e.g., using TRS or PRS) as compared to existing TA-based method for DL timing estimation. Use = for evaluation, the same as evaluation of TA-based method.
(d) :  equal to half of report granularity. In 38.133, report mapping tables are provided for gNB Rx-Tx time difference. The granularity ranges from 1*Tc to 5*Tc. Assume the largest granularity of 5*Tc,  is half of 5*Tc, i.e., = 2.5*Tc = 13 ns.  

Using the values above,  the total clock synchronization error is estimated as:
 (ns)
In the estimation above, BS receive timing error and UE receive timing error are the same as those of existing TA procedure. If better RS are used, then these errors can be reduced. For example, gNB detection based on an SRS configured for time synchronization purpose, or UE detection based on TRS or PRS (note that UE only needs to receive PRS from the serving cell).
[bookmark: _GoBack]Compared to the Uu interface error budget = 185ns [9] for the control-to-control use case, the error margin of 189 ns is very close. This small gap can be easily closed by, e.g., using better RS on the downlink and/or uplink, and avoid the worst case RS configuration.  

[bookmark: _Toc54381258]RTT-based method can satisfy the accuracy requirement of propagation delay compensation for all use cases in Rel-17. 

Conclusion
In the previous sections we discussed the problem and potential solutions related to clock synchronization. The following observation is made: 
Observation 1	None of the TA-based options can satisfy the time synchronization accuracy of the control-to-control use case.

And the following proposals are made:

Proposal 1	RAN1 pursue one set of Rel-17 enhancement to satisfy the accuracy requirement of propagation delay compensation for all use cases.
Proposal 2	RAN1 does not adopt the TA-based method for propagation delay compensation.
Proposal 3	RTT-based method can satisfy the accuracy requirement of propagation delay compensation for all use cases in Rel-17.
[bookmark: _In-sequence_SDU_delivery] 
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Appendix
The clock synchronization performance requirements for 5G system is described in TS 22.104 V17.3.0 (2020-07).
Table 5.6.2-1: Clock synchronization service performance requirements for 5G System
	User-specific clock synchronicity accuracy level 
	Number of devices in one Communication group for clock synchronisation
	5GS synchronicity budget requirement 
(note)
	Service area 
	Scenario

	1
	Up to 300 UEs
	≤900 ns 
	≤ 100 m x 100 m
	· Motion control
· Control-to-control communication for industrial controller

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

	3
	Up to 10 UEs
	< 10 µs
	≤ 2500 m2
	· High data rate video streaming

	3a
	Up to 100 UEs
	<1 µs
	≤10 km2
	· AVProd synchronisation  and packet timing

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

	5
	Up to 10 UEs
	< 50 µs
	400 km
	· Telesurgery and telediagnosis

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