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Introduction
Rel-17 WI of IIoT/URLLC has following objective on support of time synchronization:
	4. 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]


RAN2 agreed the single Uu interface synchronicity error budget as in table below [1]. 
	Scenario
	Single Uu interface Budget

	Control-to-Control
	±145ns to ±275ns

	Smart Grid
	±795ns to ±845ns


In RAN1 #104bis-e, it was agreed the PDC does not need further RAN1 enhancements to satisfy the above Uu interface error budget for smart-grid scenario. 
In this contribution, we further analyze the three PDC solutions for the control-to-control scenario, including TA-based PDC, RTT-based PDC and implicit PDC [2], where TA-based PDC and RTT-based PDC rely on explicit propagation delay estimation while implicit PDC targets to estimate the clock time difference between gNB and UE.
TA-based PDC
TA-based one-way propagation delay (PD) is based on an UE calculation of PD=TA/2, where TA is the timing advance interval between DL-Rx timing and UL-Tx timing. The equation of PD=TA/2 requires a timing alignment between DL-Tx timing and UL-Rx timing on the gNB side, where such “alignment” at gNB is subject to total effects of DL-Tx timing error and UL-Rx timing error, if any. As of this writing, RAN1 has the following working assumption for the total TA-based PDC error evaluation: 
	Take the following two alternatives as the equation for evaluation of the overall time synchronization error for TA based propagation delay compensation:
· Alt. 1: 
 
· Alt. 2: 

[Note: Alt.2 assumes that gNB can coordinate the time of TA procedure and the time of PD compensation, so that the DL frame timing error and BS transmit timing error for propagation delay estimation is correlated to (e.g. the same as) that for the transmission of RRC signaling carrying the reference time clock]


    
The above Alt.1 and Alt.2 are based on the different assumptions on statistical properties of run-time timing errors at DL-Tx/DL-Rx ends for the DL transmission associated with TA procedure relating to PD estimation and the DL transmission of PDSCH carrying ReferenceTimeInfo RRC IE in PD compensation. 
· Alt.1 formula assumes independent DL-Tx timing errors and independent DL-Rx timing errors for the two DL transmissions, where the “independency of run-time error” is taken as the worst case assumption for error budget derivation. 
· Alt.2 formula assumes the same run-time DL-Tx timing error and the same run-time DL-Rx timing error for the two DL transmissions. 
According to following 38.133 text, the TA interval on UE side should be the one measured “immediately after” the most recent TA adjustment based on a received TA command, because that is the most reliable moment for UE to catch the DL transmission timing that is used earlier by gNB to check its RTT timing alignment and to accordingly generate the TA command.   
	[image: ] (in Tc units) for other channels is the difference between UE transmission timing and the downlink timing immediately after when the last timing advance in clause 7.3 was applied.


Meanwhile, because what ReferenceTimeInfo carries in the PDC step is the time relative to the transmission timing of PDSCH carrying the ReferenceTimeInfo, the PDC step requires the UE to measure and use the time relative to the reception timing of the same PDSCH. 
Observation-1: For TA-based PDC, 
·  within the delay estimation step is associated with a DL transmission used for the most recent TA adjustment;
·  within the delay compensation step is associated with a DL transmission used to deliver ReferenceTimeInfo to UE. 
It is then dependable how gNB makes these two DL transmissions close to each other in time to have the same run-time DL-Rx timing error as required by Alt2 formulation. 
In our view, it could be difficult in practice for gNB to always ensure the two DL transmissions to be close enough to share the same run-time DL-Rx timing error, given:
· One DL transmission is associated with the PHY/MAC-layer procedure and another DL transmission is associated with RRC signaling/procedure.  The feasibility of tight coordination between protocol layers is not clear at this time.
· To intentionally make two specific types of DL transmissions “very close to each other” indeed logically bundles the two transmissions. Then if any of two transmissions (especially the latter one) fails and the corresponding re-transmission (not necessarily HARQ re-transmission) leaves the two transmissions “not so close to each other”, the whole bundled transmission may disqualify itself and therefore need to restart as a whole.  
· There is no standardized criterion to define and measure “close-to-each-other enough” to ensure the same run-time DL-Rx timing error.   
Even if it is feasible to implement the relation of “close enough in time” of the two DL transmission for a UE, according to the existing specification, the RRC IE of ReferenceTimeInfo can be transmitted in either SIB9 or UE dedicated RRC message. For Alt-2, it could be difficult for gNB to ensure for all UEs involving in PDC that the DL transmission in TA adjustment (which is in relation to UE-dedicated DL transmission of TAC) is “close enough in time” to the UE-common SIB9. So in order to keep the same run-time DL-Rx timing error as required by Alt2, gNB needs to control which UE can use ReferenceTimeInfo in SIB9 and which UE cannot (so as to use ReferenceTimeInfo in UE-dedicated RRC signalling only).    
Proposal-1: If TA-based PDC is supported with Alt-2 error modeling, there should be a configuration per UE for whether or not the UE can use ReferenceTimeInfo in SIB9 for Rel-17 PDC.  
As for the error performance of TA-based PDC, with following RAN1-agreed assumptions, the evaluated  for all alternatives are given in Table 1, which shows none of them can meet 275ns error budget. 
· ;
· ;
· 
· ;
· 
	
	Alt.1
	Alt.2-1 with 
	Alt.2-2 with 

	
	573ns
	441ns
	408ns


[bookmark: _Ref70026897]Table 1 Total timing error for TA-based PDC
Because the RAN1 analysis assumes no further enhancements on gNB-side parameters  and , Alt.2-2 may result in two solution directions: 
· If TA granularity is not to be changed, . It is then expected to introduce a lot of discussion in RAN4 to specify a Te that is smaller than 1/3 of existing value and even smaller than existing RAN4 parameters Tp, Tq and TA adjustment accuracy (defined in 7.3.2.2 in 38.133). The work in RAN1 for DL-Rx synchronization enhancement is also required. A back-and-forth coordination between RAN1 and RAN4 is likely necessary to make this work done, which however does not seem to be feasible based on RAN1/RAN4 timeline for Rel-17.  
· If TA granularity is to be reduced, a fair assumption is to cut TA granularity by half. Then . This means both Te and TA granularity should be reduced.   It should be noted that the change of TA command granularity may have impacts to TA command bit width (to maintain the same value range) as well as the applicability to TAG, which may involve specification modifications in RAN1/RAN2/RAN4.  
Alt.1 and Alt. 2-1 are expected to be in worse situation than Alt. 2-2 regarding to necessity of changing Te and TA granularity, since Alt.2-2 has the smallest total error among the three.  
In addition, TA-based PDC requires the alignment of DL-Tx timing and UL-Rx timing on the gNB side, which is an out-of-specification restriction to gNB implementation. It is not wise to impose such cell-specific restriction just due to application-level clock synchronization feature for certain particular UEs.     
Observation-2: Under assumption of “constant” run-time DL timing error, the best solution for TA-based PDC is to reduce both UE hardware requirements (Te) and TA adjustment granularity, but still resulting in potential specification impacts in all RAN1/2/4. 
· It is difficult to justify the assumption of “constant” runtime DL timing error. 
· It remains questionable whether it is wise to impose gNB implementation restriction on cell-specific timing alignment between DL-Tx and UL-Rx for application-level clock synchronization feature. 
RTT-based PDC
Similar to TA-based PDC, the RTT-based PDC studied in RAN1 so far is a two-step procedure: a PD estimation step followed by a PD compensation step. Different from TA-based PD estimation that is based on the assumption of the timing alignment between DL-Tx and UL-Rx subject to the errors caused by ,  and TA command granularity, RTT-based delay estimation allows more flexible non-zero RTT interval on gNB side, but requires either gNB or UE to inform the other peer of its own RTT interval measurement. 

[image: ]
[bookmark: _Ref83930129]Figure 1 RTT-based one-way propagation delay estimation with inconsistent RTT measurements
Figure 1 shows the current principle of RTT-based one-way propagation delay estimation. Assume the delay estimation is performed on UE side. Because the RTT measurement on gNB side and RTT measurement on UE side are not coordinated with each other and the UE does not even know when gNB measures its RTT, there is a chance for UL-Tx timing to be changed, due to either TA command from gNB or autonomous adjustment by UE itself, between the RTT measurement on gNB side and RTT measurement on UE side. Assume such UL-Tx timing change results in a RTT interval change on UE side, from  to , as shown in Figure 1. Then the one-way propagation delay is estimated as following, including an error term of : 

Therefore, the overall error of RTT-based PDC is: 

where:
·  is the DL-Tx timing error. RAN1 agrees to assume it as 65ns.
·  is the DL-Rx timing detection error. RAN1 agrees to assume it as 100ns.
·  is the RTT measurement error on gNB side. RAN4 allows it being as large as 117Tc or 59.5ns, under specific assumptions of SINR and PRS bandwidth. 
·  is the RTT measurement error on UE side. RAN4 allows it being as large as 180Tc or 91.6ns, under specific assumptions of SINR and PRS bandwidth.
·  is the RTT indication error. The value is supposed to be determined by RAN4. If the granularity in IAB Tdelta MAC-CE is reused, it is 32Tc or 16.3ns. 
· ∆ is the accumulated change of UL-Tx timing relative to DL-Rx timing in UE. For a change caused by TA command,   can be as small as TA granularity, i.e., 16*64Tc or 520.8ns; for a change caused by UE autonomous change of UL-Tx timing,  can be as large as  or 179ns, which is defined in 38.133. It can be seem the contribution from ∆ ranks on the top among all error components.  
The total RTT-based PDC error is 248.7ns if error term of  can be avoided; otherwise, the total RTT-based PDC error could be 345ns if only UE autonomous UL-Tx timing change is taken into account. If the error term  can be generated by TA command, the total RTT-based PDC error could be 509ns. 
Observation-3: In order to make RTT-based PDC to meet RAN2 Uu interface error budget, the error term of  caused by change of UL-Tx timing between two RTT measurements in gNB and UE has to be avoided. 
There are two options to deal with the error term of : 
· Option-1: Keep the RTT measurements in gNB and UE as inconsistent as shown in Figure 1, and meanwhile compensate the error of ∆ into one-way propagation delay estimation, i.e., . In case the delay estimation is made on UE side, UE needs to know when the gNB measures the RTT (while the gNB does not need to know when UE measures the RTT). On the other hand, this option requires UE to count the change of UL-Tx timing between the two RTT measurements, which is anyhow subject to an additional error range such as Te or Tq. Therefore Option-1 is not a viable solution to completely remove effect of ∆. 
· Option-2:  Keep the RTT measurements in gNB and UE as consistent as shown in Figure 2, where the two RTT measurements in gNB and UE are based on the same pair of uplink subframe containing the SRS and the downlink subframe containing the PRS/CSIRS. In this option, gNB and UE need to have the common understanding on how to pick the pair of downlink subframe and uplink subframe in interest, which should be a FFS point. The one-way delay estimation in Option-2 is irrelevant to how UL-Tx timing is changed over time and therefore is not impacted by ∆. This option assumes the RTT error performances determined in RAN4 still apply to the RTT measurements shown in Figure 2. 
[image: ]
[bookmark: _Ref83938585]Figure 2 Consistent RTT measurements to completely remove effect of ∆
Proposal-2: If RTT-based PDC is supported, the RTT measurements in gNB and UE are based on the same pair of uplink subframe and downlink subframe that may have the different subframe indices. 
Implicit PDC
[image: ]
[bookmark: _Ref70104851]Figure 3 Implicit PDC procedure
The principle of implicit PDC is to identify the clock time difference  between gNB clock time and UE clock time, as shown in Figure 3. It can be proved that , which suggests the following procedure steps: 
· Step-1: UE sends a UL SRS to help UE and gNB to establish the UL-Tx clock time in UE () and UL-Rx clock time in gNB (). This UL SRS can be identified as the last SRS transmitted before the DL message transmitted in Step-2. There should be no RAN1 spec impacts for Step-1. This SRS could be a subset of another configured periodic SRS. RAN2 may want to make the configuration of this SRS specifically for PDC purpose (although the SRS signal itself can be used for other purpose). 
· Step-2: The gNB sends to UE a ReferenceTimeInfo-alike RRC message containing a clock time information of , where  corresponds to the DL-Tx clock time for the transmission of this DL message. The existing RRC message of ReferenceTimeInfo can be reused/extended in this case. The detailed design is up to RAN2.
· Step-3: The UE calculates , where  is the DL-Rx clock time corresponding to the reception of the DL message mentioned in Step-2, and  is the UL-Tx clock time established in Step-1. 
For the implicit PDC in Figure 3, the total clock synchronization error is given by

where  is clock time indication granularity in the ReferenceTimeInfo-alike RRC message.  
Because the implicit PDC has no explicit step of propagation delay compensation, the network error budget counted for ReferenceTimeInfo granularity of 10ns does not apply to implicit PDC, which means the total Uu interface error budget for implicit PDC is 280ns, not 275ns.  
Observation-4: For implicit PDC, the total Uu error budget is 280ns, instead of 275ns. 
Then,  leads to .
Proposal 3: Suggest RAN2 to adopt implicit PDC for clock synchronization, with following RAN2 specification impacts.
· Design a UE-dedicated ReferenceTimeInfo-alike DL RRC message that contains  () with granularity no larger than 4ns, where  is the local clock time associated with the reception of the last UL SRS before transmission of this DL RRC message, and   is the local clock time associated with the transmission of this DL RRC message. 
· The UL SRS can be configured with periodicity/offset specifically for PDC purpose (which is already agreed in RAN1 in case RTT-based PDC is supported). 
Conclusions
In this contribution, we show our views on propagation delay compensation enhancement with following observations and proposals:
For TA-based PDC,
Observation-1: For TA-based PDC, 
·  within the delay estimation step is associated with a DL transmission used for the most recent TA adjustment;
·  within the delay compensation step is associated with a DL transmission used to deliver ReferenceTimeInfo to UE. 
It is then dependable how gNB makes these two DL transmissions close to each other in time to have the same run-time DL-Rx timing error as required by Alt2 formulation. 
Observation-2: Under assumption of “constant” run-time DL timing error, the best solution for TA-based PDC is to reduce both UE hardware requirements (Te) and TA adjustment granularity, but still resulting in potential specification impacts in all RAN1/2/4. 
· It is difficult to justify the assumption of “constant” runtime DL timing error. 
· It remains questionable whether it is wise to impose gNB implementation restriction on cell-specific timing alignment between DL-Tx and UL-Rx for application-level clock synchronization feature. 
Proposal-1: If TA-based PDC is supported with Alt-2 error modeling, there should be a configuration per UE for whether or not the UE can use ReferenceTimeInfo in SIB9 for Rel-17 PDC.  
For RTT-based PDC,
Observation-3: In order to make RTT-based PDC to meet RAN2 Uu interface error budget, the error term of  caused by change of UL-Tx timing between two RTT measurements in gNB and UE has to be avoided. 
Proposal-2: If RTT-based PDC is supported, the RTT measurements in gNB and UE are based on the same pair of uplink subframe and downlink subframe that may have the different subframe indices. 
For implicit PDC,
Observation-4: For implicit PDC, the total Uu error budget is 280ns, instead of 275ns. 
Proposal 3: Suggest RAN2 to adopt implicit PDC for clock synchronization, with following RAN2 specification impacts.
· Design a UE-dedicated ReferenceTimeInfo-alike DL RRC message that contains  () with granularity no larger than 4ns, where  is the local clock time associated with the reception of the last UL SRS before transmission of this DL RRC message, and   is the local clock time associated with the transmission of this DL RRC message. 
· The UL SRS can be configured with periodicity/offset specifically for PDC purpose (which is already agreed in RAN1 in case RTT-based PDC is supported). 
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