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1	Introduction
Propagation delay compensation (PDC) enhancements for time synchronization is one of the main objectives for Rel-17 NR IIoT/URLLC as described in the revised word item description [1] and listed below:
	4. Enhancements for support of time synchronization:
1. RAN impacts of SA2 work on uplink time synchronization for TSN, if any. [RAN2]
1. Propagation delay compensation enhancements (including mobility issues, if any). [RAN2, RAN1, RAN3, RAN4]


In this contribution, we discuss the status of the second sub-objective related to PDC enhancements in RAN, as well as the expected impacts to RAN4. As a note regarding the first sub-objective, RAN2 has recently replied in [2] to an SA2 LS, confirming that can be beneficial for NG-RAN to receive a Time synchronization error budget available for the NG-RAN for Uu interface to fulfill the time sync accuracy request. The input from RAN2 seems, so far, to be sufficient for the first sub-objective, and RAN4 impact is not expected for it, so it is not further discussed in this paper.
2	Discussion
2.1	Status on PD enhancements
Propagation delay compensation options
In RAN1#102-e meeting [3], it was agreed the representative use cases to be considered for further studies on PDC enhancements in Rel-17, i.e.,
· smart-grid, with a 5GS synchronicity budget requirement of ≤900 ns and one Uu interface is assumed
· control-to-control, with a 5GS synchronicity budget requirement of <1 µs and two Uu interfaces are assumed. 
In the same meeting, RAN1 has agreed on the following options for PDC to be further studied:
	· Option 1: TA-based propagation delay
· Option 1a: Propagation delay estimation based on legacy Timing advance (potentially with 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)
· 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)
· 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). 




In addition to the listed options, it has also been discussed whether the UE should do the compensation or if gNB should perform pre-compensation of PD when delivering the reference time, regardless of the PD estimation method to be adopted.  
In order to have a clear understanding of which physical layer and UE capabilities enhancements would be needed, if any, RAN1 also issued an LS to RAN2 to request information about the synchronicity budget for the Uu interfaces of each representative use case. The LS reply agreed in RAN2#112-e meeting [4] provided the following Uu interface budgets: 
	Scenario
	Single Uu interface Budget

	Control-to-Control
	±145ns to ±275ns

	Smart Grid
	±795ns to ±845ns



During the subsequent RAN1 meetings there were further discussions on evaluation assumptions, such as which error components should be considered for each PDC option, as well as the applicable values of the error components. 
Below are summarized some of the agreements in RAN1 that may impact other working groups depending of the chosen method (for full list of RAN1 evaluation assumptions such as error models and applicable values, see appendix):
· TA or RTT-based
· Asymmetry between DL and UL channel is not considered for error evaluation
· The UE may acquire an up-to-date PD estimation after waking up from DRX. FFS new procedure/signaling (if necessary) to ensure that the PD estimation can be acquired after DRX 
· UE downlink receive error is based on other signals (e.g. CSI-RS) instead of SSB
· BS uplink receive error is based on other UL signals instead of contention-based PRACH, e.g. SRS
· Up to RAN2 to decide whether to support UE based compensation and/or gNB based compensation 
· Note 1: RAN3 has concluded that gNB-based PDC has RAN3 impacts. RAN3 awaits feature confirmation from RAN1/RAN2, before further discussing gNB-based PDC [5]
· Note 2: Companies views have been collected in an RAN2 email discussion, [Post114-e][512][URLLC/IIoT] T-synch open issues, about whether to support UE and/or gNB based compensation, how PDC is triggered/activated, assistance information from UE, etc.
· TA-based
· LS to RAN4 to ask for clarification on whether downlink frame timing detection error is included or not in the UE transmit timing error Te defined in TS 38.133, section 7.1.2
· Note: LS reply from RAN4#98-e in [6] clarified that the DL frame timing detection error is already included in Te. RAN4 will still further discuss whether some clarification should be included in the specification regarding the reference point for UE transmit timing requirement. Our companion contribution [7] includes more details about it.
· RTT-based
· Existing DL RSs are used for Rx-Tx time difference estimation at UE side for RTT-based PDC, if RTT-based PDC is supported. FFS whether PRS can be used for UE Rx-Tx time difference estimation or not. FFS which DL reference signal(s) to be used if/when PRS is not used.
So far, all the PDC options, i.e. Option 1a/b/c and Option 2, are still on the table, each of them having different impact on the work from other working groups. Despite of no agreement on which option should be used, it was concluded in RAN1#104bis-e [8] that PDC based on existing Rel-15/Rel-16 TA procedure and associated granularity is sufficient for meeting the Uu interface synchronicity error budget for the smart grid use case. On the other hand, it was also concluded that RAN1 should further study enhancements for meeting the synchronicity budget of control-to-control scenario with two Uu interfaces.
In RP#92-e meeting, a compromise proposal for downscoping was discussed based on conclusions and progress of RAN1 work so far. The meeting ended with two alternative recommendations on the table as listed below from [9], however none of them was endorsed due to concerns raised by some companies.
	· Recommendation3: Provide the following RAN guidance on Propagation delay compensation enhancements [RAN2, RAN1, RAN3, RAN4]
· Support TA-based propagation delay compensation based on the Rel-15/16 timing advance procedure in Rel-17 without changes on existing TA requirements/procedures.
· RAN1/2/4 to focus on RTT-based propagation delay compensation enhancements in Rel-17. 
· Recommendation3A: Provide the following RAN guidance on Propagation delay compensation enhancements [RAN2, RAN1, RAN3, RAN4]
· RAN1 to send an LS to RAN4 in RAN#106-e to check the feasibility and potential enhanced value for Te and TA command indication granularity, 
· RAN1 and RAN2 to focus on RTT-based propagation delay compensation enhancements while waiting for a reply LS from RAN4.



Mobility issues
Mobility issues were discussed in RAN2#113-e meeting [10].  The understanding of most of the companies is that UE clock drifting and impact on handover is negligible. It is also a common understanding that source and target cells should be tightly synchronized to the same master clock.  Additionally, it was also concluded that (g)PTP message interruption during mobility should not be considered in the Rel-17 IIoT WI. In summary, no optimization for handover should be pursued by RAN2.	
Based on SA2 inputs, RAN3 has been also discussing potential mobility issues due to, e.g. possible change of time synchronization accuracy budget when a UE is changing from a source to a target cell. In RAN3#112-e it was agreed to further discuss assistance information that may be useful for the target gNB to maintain timing accuracy required by the UE following handover, focusing on RAN3 aspects [11].

2.2 Potential impacts to RAN4
In this section, we describe our view on expected RAN4 impacts depending on the PDC method to be adopted.
Legacy timing advance (Rel-15/Rel-16)
RAN1 has already concluded that PDC based on existing Rel-15/Rel-16 TA procedure and indication granularity is sufficient for meeting the Uu budget, at least for some use cases, such as smart grid and control-to-control scenario with one Uu interface. Based on that, the following observation can be made.
In case legacy timing advance is supported as PDC method in Rel-17, i.e. if Recommendation 3 is agreed in RAN1, there shouldn’t be any impact in RAN4 to the existing TA requirements.

Option 1a 
In case this option is adopted with a new indicator granularity associated to TA, that includes changing the timing advance command (TAC) step which is defined from RAN1 specification in TS 38.213. As granularity is enhanced, the TA indication error as well as the corresponding Timing Advance adjustment accuracy values defined in TS 38.133, section 7.3.2, should be reduced. The new Timing Advance adjustment accuracy values should not be larger than ±(TAC step)/2. The requirements of UE transmit timing error Te do not need to be changed, since it only depends on UE DigiRF (1.5 Ts), UE Rx timing error based on SSB bandwidth and a margin depending on the subcarrier spacing, i.e. it does not depend on TAC step. 
In case TA-based Option 1a is supported as PDC method in Rel-17 including new TA granularity, RAN4 may need to update the existing Timing Advance adjustment accuracy values. The exact values should be further studied in case this option is confirmed in RAN1.

Option 1b 
This option considers reducing the values of the requirements of UE transmit timing error Te and of Timing Advance adjustment. The timing requirements were designed to be within a portion of the cyclic-prefix length, in order to avoid inter-symbol and inter-UE interference. In case the requirements are changed for improving time synchronization, a new UE capability associated with higher accuracy timing should be introduced. The reduction of the values can be achieved by, e.g.:
· increasing UE minimum UL bandwidth, therefore reducing minimum sampling interval (considering that Tx accuracy is bounded by the sampling interval, without assuming oversampling)
· ensure reception of higher accuracy DL signal from gNB, e.g. with higher bandwidth than SSB 
It is important to note that Option1b does not preclude Option1a, meaning that the impact of both options may apply.
In case TA-based Option 1b is supported as PDC method in Rel-17, updated requirements of UE transmit timing error Te and of Timing Advance adjustment should be specified by RAN4 considering different minimum UL and DL bandwidths for timing estimation.

Option 1c 
In this option, it is assumed that gNB can compute and inform with a new signaling (in case of UE based compensation) the propagation delay with a finer granularity than TAC, while TA procedure is kept intact. In this case, there should not be any impact on UE transmit timing error Te and of Timing Advance adjustment requirements. However, other similar requirements may need to be created specifically to the new functionality. That means RAN4 specification may be needed to ensure that the PD estimate informed with the new signaling is applied with an error associated to the finer granularity, e.g. by a measurement probing on the UE side or by measuring a special UE UL transmission with timing associated to 2*PD estimate.
In case TA-based Option 1c is supported as PDC method in Rel-17 and for UE based compensation, new requirements for time synchronization associated with the fine PD granularity may be needed in RAN4, apart from Timing Advance requirements. 

Option 2 
This option considers expanding the RTT procedure, which is used in positioning, adapting it to time synchronization. In this case RAN4 should specify requirements for UE Rx-Tx time difference measurements considering, for example, the use of other reference signals, such as CSI-RS. It should be noted that Multi-RTT procedure as specified for positioning may be considered an overhead for time synchronization, which may only require single cell Rx-Tx measurements.
In case RTT-based Option 2 is supported as PDC method in Rel-17, RAN4 should specify the requirements for single cell Rx-Tx measurements based on chosen reference signals, others than PRS only. 
Based on the analysis of the different PDC options above we have the following view.
The impacts in RAN4 will depend entirely on the RAN1 decision. A major RAN4 effort is expected in case enhanced TA-based options 1a/1b are specified as TA requirements may have to be adapted for time synchronization purposes. 
1. RAN4 should wait for RAN1 input before making any further effort related to propagation delay compensation enhancement.

3	Conclusion
In this paper, we provide the current status of PDC enhancements and our view of the possible impacts in RAN4 depending on the options to be specified. We have the following observations and proposals.
1. In case legacy timing advance is supported as PDC method in Rel-17, i.e. if Recommendation 3 is agreed in RAN1, there shouldn’t be any impact in RAN4 to the existing TA requirements.
In case TA-based Option 1a is supported as PDC method in Rel-17 including new TA granularity, RAN4 may need to update the existing Timing Advance adjustment accuracy values. The exact values should be further studied in case this option is confirmed in RAN1.
In case TA-based Option 1b is supported as PDC method in Rel-17, updated requirements of UE transmit timing error Te and of Timing Advance adjustment should be specified by RAN4 considering different minimum UL and DL bandwidths for timing estimation.
In case TA-based Option 1c is supported as PDC method in Rel-17 and for UE based compensation, new requirements for time synchronization associated with the fine PD granularity may be needed in RAN4, apart from Timing Advance requirements. 
In case RTT-based Option 2 is supported as PDC method in Rel-17, RAN4 should specify the requirements for single cell Rx-Tx measurements based on chosen reference signals, others than PRS only. 
The impacts in RAN4 will depend entirely on the RAN1 decision. A major RAN4 effort is expected in case enhanced TA-based options 1a/1b are specified as TA requirements may have to be adapted for time synchronization purposes. 
1. RAN4 should wait for RAN1 input before making any further effort related to propagation delay compensation enhancement.
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Appendix A1 – Agreements from previous RAN1 meetings
Agreements from RAN1#102e (email discussion in R1-2007068)
Agreements:
· Take the following use cases as the representative use cases for further study on propagation delay compensation enhancements in Rel-17. 
	User-specific clock synchronicity accuracy level 
	Number of devices in one Communication group for clock synchronization
	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



Agreements:
· [image: ]±8*64*Tc/2m as the TA indicating error is assumed in the evaluation.

Agreements:
For 5GS synchronicity budget requirement, 
· One Uu interface is assumed for smart grid. 
· Two Uu interfaces are assumed for control-to-control.

Agreements:
For BS transmit timing error, further study the following three options: 
· Option 1: 65 ns 
· Option 2:±130ns for the indoor scenario and ±200ns for the smart grid scenario
· Option 3:82.5 ns

Agreements:
The value defined in Table 7.1.2-1 for initial transmit timing error (Te) in TS 38.133 should be considered for evaluation of the time synchronization.  

Agreements:
Asymmetry between downlink and uplink channel for control-to-control scenario is not considered.  

Agreements:
100 ns is assumed for BS detecting error.  

Agreements:
Timing advance adjustment accuracy defined in Table 7.3.2.2-1 in TS 38.133 is assumed for evaluation of the time synchronization.   
Agreements:
Both 15 kHz and 30 kHz are assumed for both control-to-control and smart grid for evaluation of the time synchronization.   

Agreements:
Send an LS to RAN2 with the content including      
· Inform RAN2 the two representative use cases concluded in RAN1 for further study;
· Ask RAN2 for input about Uu interface error budget for each of the two use cases;

Agreements:
The following options for propagation delay compensation are further studied in RAN1  
· Option 1: TA-based propagation delay
· Option 1a: Propagation delay estimation based on legacy Timing advance (potentially with 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)
· 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)
· 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). 

Draft LS in R1-2007445 is approved, with final LS in R1-2007446.

Agreements from RAN1#103e (email discussion in R1-2009551)
Agreements:
· Take 65 ns as the assumption of transmit timing error for evaluation of the overall time synchronization error for control-to-control. 
· Asymmetry between downlink and uplink channel for smart grid scenario is not considered. 
· errorBS,DL,TX is included in the equation for calculating the overall time synchronization error. 

Agreements:
TA adjustment accuracy is not considered for the evaluation of time synchronization error. 

Agreements:
For evaluation of the overall time synchronization error for smart grid, companies can take one of the following two options as the assumption for BS transmit timing error:
· Option 1: 200 ns
· Option 2: 65 ns


Agreements from RAN1#104e (email discussion in R1-2101896)

Agreements: Take ±100 ns as the assumption for downlink frame timing detection error (errorUE,DL,RX) at the UE for evaluation of the overall time synchronization error for TA based propagation delay compensation, if downlink frame timing detection error needs to be considered separately.
· Send a LS to RAN4 to ask for clarification on whether downlink frame timing detection error is included in Te or not
· In the LS, to include more details about option 1 (included) & option 2 (not included); also including the necessary background 
· FFS whether to apply the same value to RTT-based propagation delay compensation, and the corresponding condition (if any) if the same value will be applied

Draft LS (in v008) (R1-2102224) is approved. Final LS in R1-2102245

Agreements from RAN1#104bis-e (email discussion in R1-2104136.zip)
Agreements: If downlink frame timing detection error needs to be considered separately from propagation delay estimation error, take ±100 ns as the assumption for downlink frame timing detection error (errorUE,DL,RX) at the UE for evaluation of the overall time synchronization error for RTT based propagation delay compensation
Agreements: Take the following equation for evaluation of the DL propagation delay estimation error for TA based propagation delay compensation:
[image: ]
· Either option 1 or option 2 below will be applied based on the RAN4 reply to RAN1 LS R1-2102245.    
[image: ]
· FFS whether errorBS,DL,TX in the above equation should be included or not. 

Agreements:
· Observation 1: Propagation delay compensation based on existing Rel-15/Rel-16 TA procedure and associated granularity, with no enhancements in RAN1, is sufficient for meeting the Uu interface synchronicity error budget in LS R2-2010837 for the smart grid scenario.  
· Observation 2: RAN1 needs to further study and specify the feasible enhancement (if any with RAN1 spec impact) for propagation delay compensation for control-to-control scenario, in order to meet the synchronicity budget of Uu interface in LS R2-2010837. 

Working assumption:
[image: ]
Agreement:
Take the following as the evaluation assumptions for both RTT-based PDC and TA-based PDC.   
· The UE may acquire an up-to-date PD estimation after waking up from DRX. This implies that gNB may signal an update timing advance value or complete a Rx-Tx measurement procedure.
· errorUE,DL,RX is based on other signals (e.g. CSI-RS) instead of SSB.
· errorBS, UL,RX iss based on other uplink signals instead of contention based PRACH, e.g. SRS.  
· Further study and specify new procedure/signaling (if necessary) to ensure that the PD estimation can be acquired after DRX for the adopted PDC method.

Agreement:
Existing DL reference signal(s) are used for Rx – Tx time difference estimation at UE side for RTT-based propagation delay compensation, if RTT-based propagation delay compensation is supported.   
· FFS whether PRS can be used for UE Rx – Tx time difference estimation or not  
· FFS which DL reference signal(s) to be used if/when PRS is not used

Conclusion:
· Leave it to RAN2 to decide whether to support UE based compensation and/or gNB based compensation for any propagation delay compensation method RAN1 may adopt for Rel-17, if applicable.
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Take the following two alternatives as the equation for evaluation of the overall time  synchronization error for TA based propagation delay compensation:      Alt. 1 :    𝑒𝑟𝑟𝑜𝑟 𝑡𝑜𝑡𝑎𝑙 , 𝑇 𝐴 𝑏𝑎𝑠𝑒𝑑 ≤   𝑒𝑟𝑟𝑜𝑟 𝐵𝑆 , 𝐷𝐿 , 𝑇𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝐵𝑆 , 𝐷𝐿 , 𝑇𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋   + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   + 𝑒𝑟𝑟𝑜𝑟 𝐵𝑆 , 𝑈𝐿 , 𝑅𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑇 𝐴 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛 2       o   Either option 1 or option 2 below will be applied based on the RAN4 reply to  RAN1 LS  R1 - 2102245 :       Option 1:  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   <= Te      Option 2:  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   = Te and  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋   is  equal to a value  separate from Te          Alt. 2 :    𝑒𝑟𝑟𝑜𝑟 𝑡𝑜𝑡𝑎𝑙 , 𝑇 𝐴 𝑏𝑎𝑠𝑒𝑑 ≤   [ 1 2 ∗ ] 𝑒𝑟𝑟𝑜𝑟 𝐵𝑆 , 𝐷𝐿 , 𝑇𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋   + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   + 𝑒𝑟𝑟𝑜𝑟 𝐵𝑆 , 𝑈𝐿 , 𝑅𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑇 𝐴 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛 2       o   Either option 1 or option 2 below will be applied based on the RAN4 reply to  RAN1 LS  R1 - 2102245 :       Option 1:  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋 + 𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   <= Te      Option 2:  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 ,   𝑈𝐿 ,   𝑇𝑋   = Te and  𝑒𝑟𝑟𝑜𝑟 𝑈𝐸 , 𝐷𝐿 , 𝑅𝑋   is  equal to a value  separate from Te       o   [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 ]   
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