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1	Introduction
The Rel-17 “Enhanced Industrial Internet of Things (IoT) and ultra-reliable and low latency communication (URLLC) support for NR” work item description includes enhancements for time synchronization as one of its main objectives [1]:
	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]



In this paper, we provide an overview of time synchronization in Rel-16 and propagation delay compensation (PDC) as background. We then discuss two different approaches for PDC, UE-based and network-based, and evaluate their potential RAN3 impacts.
2	Discussion
2.1	Background
In Release 16, reference time information can be provisioned to the UE via a dedicated RRC message (DLInformationTransfer) or system information (SIB9), both of which are encoded by the gNB-CU. 
[bookmark: _Ref60834798]The reference time information is generated by the gNB-DU and can be reported to the gNB-CU using the F1AP: REFERENCE TIME INFORMATION REPORT message. Such reporting can be requested by the gNB-CU using the F1AP: REFERENCE TIME INFORMATION REPORTING CONTROL message. The overall process is shown in Figure 1.
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Figure 1. Delivery of reference time information to the UE (Rel-16)
Step 0:	The reference time information is requested by the CN or by the UE itself, and the gNB-CU decides whether to deliver the information to the UE using UE-specific signalling (DLInformationTransfer) or non-UE specific signalling (SIB9).
Step 1:	The gNB-CU sends the F1AP: REFERENCE TIME INFORMATION REPORTING CONTROL message to the gNB-DU, requesting accurate reference time information. The message contains the Reporting Request Type IE which indicates whether the information should be reported “on demand” or “periodic”.
Step 2:	The gNB-DU sends the F1AP: REFERENCE TIME INFORMATION REPORT message to the gNB-CU, containing the Reference Time IE and the Reference SFN IE.
If the reference time information is to be delivered to the UE using UE-specific signalling (Option A):
Step 3a:	The gNB-CU sends the F1AP: DL RRC MESSAGE TRANSFER message to the gNB-DU, containing an encapsulated RRC: DLInformationTransfer message which includes the reference time information in the ReferenceTimeInfo IE (time and referenceSFN fields).
Step 4a:	The gNB-DU sends the DLInformationTransfer message to the UE over the Uu interface.
Otherwise, if the reference time information is to be delivered to the UE using non-UE specific signalling (Option B):
Step 3b:	The gNB-CU sends the F1AP: GNB-CU CONFIGURATION UPDATE message to the gNB-DU, containing SIB9 which includes the reference time information in the ReferenceTimeInfo IE (time field).
The gNB-DU may re-encode SIB9 with fresh ReferenceTimeInfo.
Step 4b:	The gNB-DU sends the SystemInformation message including SIB9 over the Uu interface.
Step 5:	The UE calculates the reference time based on the received information. The received time field is the reference time at:
-	the ending boundary of the system frame indicated by the referenceSFN received in the DLInformationTransfer message (Option A); or
-	the SFN boundary at or immediately after the ending boundary of the SI-window in which SIB9 is transmitted (Option B).
The time field indicates the reference time with 10ns granularity referenced at the network (i.e. 5G internal system clock) without compensating for RF propagation delay.
Observation 1:	No propagation delay compensation (PDC) is applied to the 5G accurate reference time information.
When the radio signal propagates over the air interface, the offset between the transmission time at the gNB and the reception time at the UE is shifted by approximately 30ns per 10m. Therefore, for a certain equivalent distance between the UE and the gNB for the signal to propagate, this offset needs to be compensated in order for the UE to have a sufficiently accurate absolute timestamp.
In Release 16, it was concluded that the studied scenarios would not result in propagation paths sufficiently large to make this offset significant enough to require (or benefit from) propagation delay compensation (PDC) [2]. However, Release 17 scenarios providing much larger distances between the gNB and the UE are described [3], which means that PDC is strictly necessary if the time synchronization service in these scenarios are to be supported with the envisioned time synchronization accuracy. 
Solutions for PDC can be classified as either UE-based or network-based.
2.2	UE-based PDC
UE-based PDC relies on the UE to compensate the time field in the ReferenceTimeInfo IE with the propagation delay estimate. For the UE to acquire accurate time synchronization based on the Release 16 framework, the UE must determine if it needs to do corrections of its time of day (ToD) clock when it receives a ReferenceTimeInfo IE by comparing the received timestamp in ReferenceTimeInfo with its current ToD at the indicated SFN boundary. 
In Release 16, there is no PDC mechanism specified (i.e. PDC is left to UE implementation), which means that accurate time synchronization can only be guaranteed in small scale scenarios (e.g. factory floor). If UE-based PDC is specified in Release 17, accurate time synchronization can be achieved also in large scale scenarios. UE-based PDC would be relatively simple for the UE to handle, given its existing algorithms to determine ToD corrections, since the UE would simply need to correct the timestamp provided in ReferenceTimeInfo with the estimated propagation delay.
The benefit of UE-based PDC is that it only requires the UE to acquire a PD estimate, which is handy as the experienced PD at the UE will be UE specific. Ensuring that the UE has a PD estimate is currently discussed in RAN1 and RAN2. In addition, RRC signalling to the UE to instruct it to conduct PDC is being discussed in RAN2. No RAN3 impact has been identified for UE-based PDC
Proposal 1:	UE-based PDC is out of scope for RAN3.
2.3	Network-based PDC
Network-based PDC means that the gNB adds the UE-specific PD to the time field in the ReferenceTimeInfo IE prior to delivering it to the UE. As described earlier, either the gNB-DU or the gNB-CU may generate or update the time field in the ReferenceTimeInfo IE and hence one of these would need to conduct the PD correction as well. This option is simpler for the UE to execute as it will do the exact same as if PDC was not applied. However, the use of network-based PDC will also limit the gNB possibilities of delivery of ReferenceTimeInfo, as network-based PDC with SIB9 delivery of ReferenceTimeInfo only makes sense if UEs receiving the SIB9 experience an equal PD or sufficiently similar PD to not introduce a too large inaccuracy by applying PDC designated for another UE. Consequently, the gNB might be restricted to UE-specific RRC signalling for delivery of ReferenceTimeInfo.
Observation 2: Network-based PDC will restrict the gNB to UE-specific delivery of ReferenceTimeInfo.
An example diagram of how network-based PDC can be realized is provided in Figure 2.
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Figure 2. Example of Network-based propagation delay compensation
Step 0:	Contrary to UE-based PDC, the gNB must maintain a PD estimate for each UE that requires PDC. This could be done by instructing the gNB-DU to maintain PD for UEs, e.g. configured from the gNB-CU by enhancing the UE Context Setup and/or UE Context Modification procedures. 
The gNB-DU will then maintain an up-to-date PD estimate for each UE configured for network-based PDC. How the gNB-DU acquires an up-to-date PD estimate should be for RAN1 and RAN2 to decide.
Step 1:	The gNB-CU sends the F1AP: REFERENCE TIME INFORMATION REPORTING CONTROL message to the gNB-DU, requesting accurate reference time information.
Step 2:	The gNB-DU provides reference time info along with a list of PD estimates for each UE configured for network-based PDC, e.g. by extending the existing F1AP: REFERENCE TIME INFORMATION REPORT.  Alternatively, a new F1AP procedure could be introduced that uses UE-associated signalling to provide the PD estimate for a specific UE.
The gNB-CU generates ReferenceTimeInfo with a PD-compensated time field for each UE configured for network-based PDC.
Reference time information is delivered to the UE using UE-specific signalling (i.e. same as Option A in Figure 1):
Step 3:	The gNB-CU sends the F1AP: DL RRC MESSAGE TRANSFER message to the gNB-DU, containing an encapsulated RRC: DLInformationTransfer message which includes the reference time information in the ReferenceTimeInfo IE (PD-compensated time field and referenceSFN field).
Step 4:	The gNB-DU sends the DLInformationTransfer message to the UE over the Uu interface.
Compared to Rel-16, both Step 0 and Step 2 from the provided example would need to be specified by RAN3, while RAN1 would specify how the gNB-DU acquires an up-to-date PD estimate for each UE.
[bookmark: _Hlk527071819]Proposal 2: 	RAN3 to further discuss F1AP impacts of network-based PDC.
Proposal 3: 	RAN3 assumes that PD estimation is performed at the gNB-DU, but how this is done is out of scope for RAN3.
3	Conclusions
In this paper, we discussed two different approaches for propagation delay compensation (PDC), and evaluated their potential RAN3 impacts.  The following is proposed:
Proposal 1:	UE-based PDC is out of scope for RAN3.
Proposal 2: 	RAN3 to further discuss F1AP impacts of network-based PDC.
Proposal 3: 	RAN3 assumes that PD estimation is performed at the gNB-DU, but how this is done is out of scope for RAN3.
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