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Introduction
[bookmark: _Ref178064866]Rel. 17 URLLC/IIoT work started in RAN1#102-e based on the objectives of the agreed WID [1]. One of the objectives assumes RAN1 involvement with respect to enhanced time synchronization and propagation delay compensation, and in particular it includes the following:
	5. 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 RAN1#103-e, moderate progress was made defining more assumptions on the sources of propagation delay estimation error. After RAN1#103-e, RAN1 received the reply LS from RAN2 [R1-2100024, R2-2010837] regarding Uu time synchronicity budget:
		Scenario
	Single Uu interface Budget

	Control-to-Control
	±145ns to ±275ns

	Smart Grid
	±795ns to ±845ns



These values are determined with assumptions such that network-side synchronization for Control-to-control is based on gPTP and Smart Grid is based on GNSS. The Uu interface time synchronization budget can be interpreted as the maximum 5GS time synchronization error between the UE and the gNB-DU. RAN2 agrees that the decision on PDC option is up to RAN1, and RAN1 should aim to meet the most stringent requirement among these scenarios, but a number within the range is also acceptable. RAN2 would like to point out that the error caused by the limited granularity of referenceTimeInfo-r16 IE (±5ns) is already included in the network part budget, and RAN1 should not include this error in Uu interface again.


In RAN1#104-e, a limited progress was made with the following agreement:
	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


The LS was sent in [R1-2102245]. RAN4 replied to RAN1 LS in [R4-2105850]:
	RAN4 thanks RAN1 for the LS on UE transmit timing error. 
RAN4 has the common understanding that downlink frame timing detection error is already included in UE transmit timing error (i.e. Te defined in section 7.1.2 in TS 38.133). 
RAN4 will further discuss the reference point definition in the future to clarify the term.



RAN1 received an LS from RAN3 [R1-2102293], indicating that:
	RAN3 considers that gNB-based PDC may have RAN3 specification impacts. However, it is RAN3 understanding that support for gNB-based PDC is up to RAN1 and RAN2 decisions. Therefore, RAN3 will not further discuss gNB-based PDC unless support for the functionality is first confirmed by RAN1/RAN2.



In RAN1#104bis-e, the following progress was made:
	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:

· Either option 1 or option 2 below will be applied based on the RAN4 reply to RAN1 LS R1-2102245.
· Option 1: 
· Option 2:  and  is equal to a value separate from 
· 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:
Take the following two alternatives as the equation for evaluation of the overall time synchronization error for TA based propagation delay compensation:
· Alt. 1:

· Either option 1 or option 2 below will be applied based on the RAN4 reply to RAN1 LS R1-2102245:
· Option 1: 
· Option 2:  and  is equal to a value separate from 
· Alt. 2:

· Either option 1 or option 2 below will be applied based on the RAN4 reply to RAN1 LS R1-2102245:
· Option 1: 
· Option 2:  and  is equal to a value separate from 
· [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 propagation delay estimation is correlated to (e.g. the same as) that for the transmission of RRC signalling carrying the reference time clock]
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 is based on other uplink signals instead of contention based PRACH, e.g. SRS.  
· Further study and specify new procedure/signalling (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.



In this contribution we provide further analysis of timing error based on different techniques for propagation delay compensation and discuss RAN1 related design aspects for the propagation delay compensation. In [2]-[5], views on other topics in R17 URLLC/IIOT are provided.
[bookmark: _Ref54215609]Error Model and Analysis
For TA-like propagation delay compensation at the UE, the following error model is used taking into account the reply from RAN4 about relation of UE TX error and UE RX error:



where,
·  for Control-to-Control, and  for Smart Grid.
· For analysis, all values are checked.
· 
· UE reception error and UE uplink transmission errors are bounded by , as per RAN4 reply LS in [TBD].
· 
· BS reception error as per the agreement from RAN1#102-e.
· 
· Baseline TA command granularity as per agreements.
· UL SCS and SSB subcarrier spacing combination
· Some parameters are dependent on SCS of both UL BWP and SSB. For simplicity, those are assumed to be equal for the targeted SCS, i.e. 15 kHz for both UL signal and SSB and 30 kHz for both UL signal and SSB.

Based on the above assumptions, we further identified the following cases for evaluation:
· Case 1: Baseline TA-based compensation w/o enhanced granularity or requirements;
· Case 2: TA-based compensation with enhanced granularity of TA commands;
· Scaling 4 (as a realistic target) and inf (as an upper bound) are represented
· Case 3: TA-based compensation with tightened  requirements;
· Scaling 4 (as a realistic target) and inf (as an upper bound) are represented
· Case 4: TA-based pre-compensation at gNB;
· TA measurement framework is reused, but in this case it is assumed that at least TA granularity component is omitted, since gNB can avoid these errors:
· a – no change to requirements;
· b – tightened requirements as in Case 3 with scaling factor 4.

Since it was already concluded that for Smart Grid use cases PD compensation is needed and any method can fulfil the synchronicity requirements, we skip analysis of Smart Grid scenario and focus on C2C only.
Table 1 summarizes the example values of the timing synchronization error for different assumptions for Control-to-Control scenario.

[bookmark: _Ref54369826]Table 1. Uu interface timing synchronization error after propagation delay compensation for Control-to-Control. As for the color code: i) green highlights, if any, indicate below the minimum bound of the budget; ii) blue highlights, if any, indicate above the minimum, but below the maximum bound of the budget.
	
	SCS
	Alt.1 equation
	Alt.2 equation

	Case 1
	15
	572
	441

	Case 2 (4)
	
	474
	343

	Case 2 (inf)
	
	442
	310

	Case 3 (4)
	
	425
	294

	Case 3 (inf)
	
	376
	245

	Case 2 (4)
+ Case 3 (4)
	
	328
	196

	Case 2 (inf)
+ Case 3 (inf)
	
	246
	115

	Case 4a
	
	442
	310

	Case 4b
	
	295
	164

	Case 1
	30
	442
	310

	Case 2 (4)
	
	393
	261

	Case 2 (inf)
	
	376
	245

	Case 3 (4)
	
	344
	213

	Case 3 (inf)
	
	311
	180

	Case 2 (4)
+ Case 3 (4)
	
	295
	164

	Case 2 (inf)
+ Case 3 (inf)
	
	246
	115

	Case 4a
	
	376
	245

	Case 4b
	
	279
	148





For the case of RTT-based propagation delay compensation, we use the following error model:



where,
·  assume similar values as in the TA-based PD compensation model, although additional usage of specific DL and UL signals can improve the numbers comparing to the ones assumed for TA-based compensation.
· 
· This component denotes the granularity of indication of Rx-Tx time difference , where  is from [2] to 5 for FR1. For analysis,  is assumed.
Note, that here RTT-based compensation could be executed on both gNB and UE sides, but we don’t make any assumption for analysis. Table 2 shows the error for the case of RTT-based (pre-)compensation.
[bookmark: _Ref61808432]Table 2. Uu interface timing synchronization error after propagation delay (pre-)compensation for RTT-based method. As for the color code: i) green highlights indicate below the minimum bound of the budget; ii) blue highlights indicate above the minimum but below the maximum bound of the budget.
	Case
	SCS
	 = 100 ns

	RTT-based
	15, 30
	166




Observation 1
· For Control-to-Control
· None of the considered propagation delay compensation types under specific assumptions can achieve the timing synchronization error lower than the most stringent requirement provided by RAN2 LS.
· If uncorrelated error components are assumed (alt.1), none of the techniques achieve the synchronicity targets
· If correlated error components are assumed (alt.2), the following options can achieve timing synchronization error higher than the most stringent requirement but lower than the looser requirement provided by RAN2 LS:
· TA-based UE compensation with tightened UE transmit timing requirement + smaller TA indication granularity in 15 kHz and 30 kHz;
· Non RTT gNB-based pre-compensation + tightened UE transmit timing requirement in 15 kHz and 30 kHz;
· RTT-based UE compensation or gNB pre-compensation in 15 kHz and 30 kHz;
· TA-based UE compensation with enhanced granularity of TA command in 30 kHz;
· TA-based UE compensation with tightened UE transmit timing requirement in 30 kHz;
· Non RTT gNB-based pre-compensation in 30 kHz.

Design Aspects
From the analysis in Section 2, in some challenging conditions, mechanisms beyond current specification are required. In this section, we analyze the options identified in RAN1#102-e plus the RAN2-led option of gNB based pre-compensation, since in LS [R1-2100024] RAN2 requested RAN1 to lead the work on defining the propagation delay compensation scheme(s).

Option 1
Although this option can fulfil the requirements in a subset of use cases, it seems more work is required for better performance. Current requirement on Te may be hard to reconsider without changes to the legacy signals, such as SSB and PRACH.
Furthermore, we don’t see much motivation to mimic TA measurement mechanism based on new signals, since standalone RTT measurements optimized for timing estimation can provide larger potential for better accuracy.

Option 2 – RTT-based UE compensation or gNB pre-compensation
The RTT-based compensation could be realized using the existing gNB Rx-Tx time difference and UE Rx-Tx time difference measurements, or re-defined Rx-Tx time difference using other signals. In this matter, there are two possible flavors:
· Alt. 1: UE side compensation. A UE measures UE Rx-Tx time difference and receives from gNB the gNB Rx-Tx time difference, so that total PD can be calculated and compensated. The signaling in this case should be UE-specific. This introduces additional signaling overhead in DL, same way as UE-specific pre-compensation at gNB, where reference timing information is assumed to be delivered in dedicated RRC message.
· In order to reduce the gNB Rx-Tx time difference signaling overhead towards UEs, group-common signaling options could be considered at physical or higher layer.
· Alt. 2: gNB side pre-compensation. A UE measures UE Rx-Tx time difference and reports it to gNB. gNB measures the gNB Rx-Tx time difference, receives the UE Rx-Tx time difference, and pre-compensates the reference timing information before sharing it with the UE. From perspective of the overall signaling exchange, this alternative may be a bit easier to implement if the UE Rx-Tx time difference measurement is defined as just another regular measurement as part of MeasurementReport.

Observation 2
· RTT-based propagation delay compensation requires additional UE-specific signal exchange between gNB and UE:
· In DL direction, group-common signalling could be utilized to reduce overhead.


Option 3 – Non-RTT based gNB pre-compensation
As it is shown in Section 2, the pre-compensation at gNB has a potential especially if UE transmission timing requirements are tightened. Furthermore, the RTT-based scheme can also be realized by gNB pre-compensation. Additionally, mechanisms to inform the UE about pre-compensation are required to avoid double compensation.

Summary
In summary, at this point there seems no evidence to adopt only one of the options, and we expect RAN1 to work on specification of the following features for the most flexible operation:
· Component 1: Support of gNB-based pre-compensation and/or UE-based compensation transparent to propagation delay calculation scheme;
· In case of pre-compensation, the reference time information is modified by gNB to include the necessary adjustment and to indicate to the UE that no other compensation is required.
· In case of UE-based compensation, the reference time information is not modified by gNB, and gNB indicates to the UE that UE-side compensation is required.
· Component 2: Measurement and indication to gNB of the UE Rx-Tx time difference based on DL signals provided outside of LPP.
· For the measurement, DL CSI-RS or SSB can be used. Usage of DL PRS signals may not be supported by a UE without positioning capabilities, therefore other signals are expected to be used. The measurement and reporting framework can be similar to CSI report and/or UE measurement report as part of UE assistance information.
· Component 3: Measurement and indication to UE of the gNB Rx-Tx time difference based on UL signals provided outside of LPP.
· For the measurement, uplink SRS can be fully reused without explicit impact to the UE operation, which is expected to transmit UL SRS as per configuration/schedule.
· For reporting, L1 or L2/L3 group-common signaling may be employed to avoid excessive overhead from unicast messages to UEs with similar PD.
Once all components are defined, then network can have freedom to implement one of the suitable options, e.g. RTT-based pre-compensation at the gNB, non RTT-based pre-compensation at the gNB, RTT-based compensation at the UE, non RTT-based compensation at the UE, etc.
As per agreements, the decision on whether to support UE-based compensation or gNB-based pre-compensation is left to RAN2. Taking this into account, the following proposal is formulated:

Proposal 1
· RAN1 to agree to specify the following components to enable flexible propagation delay compensation scheme:
· Component 1: Support of gNB-based pre-compensation or UE-based compensation (up to RAN2) transparent to propagation delay calculation scheme;
· Component 2: Non-LPP measurement and indication to gNB of the UE Rx-Tx time difference based on DL signals;
· Component 3: Non-LPP measurement and indication to UE of the gNB Rx-Tx time difference based on UL signals.

Conclusions
In this document we presented views on the issue of propagation delay compensation as part of enhanced accurate time synchronization. The following observations and proposals have been made:

Observation 1
· For Control-to-Control
· None of the considered propagation delay compensation types under specific assumptions can achieve the timing synchronization error lower than the most stringent requirement provided by RAN2 LS.
· If uncorrelated error components are assumed (alt.1), none of the techniques achieve the synchronicity targets
· If correlated error components are assumed (alt.2), the following options can achieve timing synchronization error higher than the most stringent requirement but lower than the looser requirement provided by RAN2 LS:
· TA-based UE compensation with tightened UE transmit timing requirement + smaller TA indication granularity in 15 kHz and 30 kHz;
· Non RTT gNB-based pre-compensation + tightened UE transmit timing requirement in 15 kHz and 30 kHz;
· RTT-based UE compensation or gNB pre-compensation in 15 kHz and 30 kHz;
· TA-based UE compensation with enhanced granularity of TA command in 30 kHz;
· TA-based UE compensation with tightened UE transmit timing requirement in 30 kHz;
· Non RTT gNB-based pre-compensation in 30 kHz.

Observation 2
· RTT-based propagation delay compensation requires additional UE-specific signal exchange between gNB and UE:
· In DL direction, group-common signalling could be utilized to reduce overhead.

Proposal 1
· RAN1 to agree to specify the following components to enable flexible propagation delay compensation scheme:
· Component 1: Support of gNB-based pre-compensation or UE-based compensation (up to RAN2) transparent to propagation delay calculation scheme;
· Component 2: Non-LPP measurement and indication to gNB of the UE Rx-Tx time difference based on DL signals;
· Component 3: Non-LPP measurement and indication to UE of the gNB Rx-Tx time difference based on UL signals.
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