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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]


RAN1 #102e agreed the following candidate options for NR PDC enhancement.
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). 
RAN2 agreed the single Uu interface synchronicity error budget as in table below (ref. R2-2010837). 
	Scenario
	Single Uu interface Budget

	Control-to-Control
	±145ns to ±275ns

	Smart Grid
	±795ns to ±845ns


In this contribution, we show a new solution for the clock time synchronization.
Principles in clock time synchronization between gNB and UE 
The analysis in this paper assumes that gNB and UE have independent clock timelines. As shown in Figure 1, the local clock times in gNB and UE are labeled with “m” and “n”, respectively. 
· The difference between two local clock time references (the reference time corresponding to tlocal=0) is denoted as eclk, i.e., 
eclk = (abs. time for tlocal=0 in UE) - (abs. time for tlocal=0 in gNB)
· For an UL transmission, the UE observes the transmission clock time at , where  is the “actual” transmission time and  is the transmission timing error; the gNB observes the reception clock time at , where  is the “actual” reception time and  is the reception timing error. The timing relations between local clock times in gNB and UE that is established with this UL transmission is given by: 
(abs. time for tlocal=0 in UE) +  + TPD = (abs. time for tlocal=0 in gNB) + 
Or equivalently 
                (1)
· For a DL transmission delivering the gNB’s clock time of , the gNB observes the transmission clock time at , where  is the “actual” transmission time and  is the transmission timing error; the UE observes the reception clock time at , where  is the “actual” reception time and  is the reception timing error. Similar to the timing derivation on UL, the timing relations between local clock times in gNB and UE that is established with this DL transmission is given by:
               (2)
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[bookmark: _Ref64927499]Figure 1 Local clock timelines in gNB and UE
Based on equations (1) and (2), the clock time difference  and the one-way propagation delay  can be expressed as:  
          (3)

                                    (4)
The above two equations reveal two methods for the clock time synchronization:
· Method-1 (Implicit PDC): Target to allow UE estimating the difference (eclk) between two local clock times respectively in gNB and UE, where the estimation is .  Then the UE can adjust its local clock time accordingly, e.g., the clock time of  is adjusted to  or equivalently . The algorithm does not explicitly estimate the one-way propagation delay; instead, the propagation delay effect in the DL transmission is compensated by the propagation delay effect in the UL transmission so that overall synchronization is free of propagation delay impact. 
· Method-2 (Explicit PDC, based on RTT): Target to deliver the gNB’s local clock time to UE, with a compensation using the explicitly-estimated one-way propagation delay (), which is equal to .  Then the UE sets its local clock time at   to a new clock time value of  or equivalently , which is the same as in Method-1.  It should be noted that the Method-2 is a specific version of RTT-based one-way delay estimation, with its RTT measurements in both gNB and UE based on the same pair of DL transmission and UL transmission. In contrast, the general one-way delay estimation may not have RTT in gNB and RTT in UE to be derived from the same pair of DL/UL transmissions. Further, the Method-2’s equivalence to Method-1 is also based on an assumption that the same DL transmission is used in both one-way delay estimation step and one-way delay compensation step.    
It has been shown that both two methods can land on the same clock time synchronization result. However, the two methods are somehow different in certain aspects. 
Message flow comparison between Method-1 and Method-2
	Message flow in Method-1 (Implicit PDC)
	Message flow in Method-2 (Explicit PDC, assuming PDC is performed on UE side)

	1) UE sends to gNB at UE’s local time : a message containing . The gNB needs to measure and record reception time . An example candidate for this message is RRC referenceTimeInfo-r16.
2) gNB sends to UE a message containing .
3) gNB sends to UE at gNB’s local time : a message containing . The UE needs to measure and record reception time . An example of this message is RRC referenceTimeInfo-r16. 
4) UE derives  based on ,  and , and may change its clock time accordingly.
	1) gNB sends to UE a message containing RTT measured in gNB. An example of this message is T_delta MAC-CE from Rel-16 IAB protocol. 
2) gNB sends to UE at gNB’s local time : a message containing . UE needs to measure and record reception time . An example of this message is RRC referenceTimeInfo-r16. 
3) UE sets its clock time to   at moment of , where  is the estimated one-way propagation delay based on gNB-side RTT and UE-side TA interval. (The one-way delay estimation becomes TA-based if gNB-side RTT is deemed to be known to UE without need of signaling) 


[bookmark: _Ref65007651]Table 1 Message flows in Method-1 and Method-2
Synchronization performance comparison between Method-1 and Method-2
For method-1, the total synchronization error is the error term in formula of eclk, i.e.,  . The Method-2 could share the same error performance as Method-1 if the following two conditions are met:
· Cond-1: The same DL transmission is used in both one-way delay estimation step and compensation step. 
If this condition is not met, assume the one-way delay compensation occurs at another moment with DL transmission carrying a different clock time in gNB () that is intended to be transmitted at  , and is received “in UE’s believing” at time of . Then the difference between the time of this reception moment and the clock time the UE sets (as ) at this moment is  , which is further equal to

Normally the time-varying nature of   in practice does not allow combining  and  to result in a coefficient of ½; rather, the combined error can be as large as having the coefficient equal to 3/2. The same applies to  and . As seen, the RTT-based one-way delay estimation likely occurs in MAC layer (e.g., by reusing T_delta MAC-CE) while the propagation delay compensation is likely triggered by an RRC message (e.g., referenceTimeInfo-r16). It seems out of RAN1 capability to judge whether it is safe to assume the same DL transmission can be used by different protocol layers for both one-way delay estimation and one-way delay compensation. 
· Cond-2: The RTT measurement in UE and RTT measurement in gNB should be consistent to each other, where the consistency refers to whether the half of difference between two RTTs corresponds to actual one-way propagation delay only. 
The two RTT measurements are not consistent to each other if the two RTT’s are measured at two different global time instances t1 and t2, and the UE’s UL Tx timing is changed between t1 and t2 due to a TA command. If this happens, the one-way delay estimation generates an error of  , where   is the total change of UL TX timing within duration [t1,t2]. This error goes all the way into clock synchronization. The problem comes from the fact that the specification does not coordinate the RTT measurements on gNB side and UE side; meanwhile, given TA operation is a fundamental UE procedure, it is normally not a good practice to impose new restrictions to the existing TA behavior such as UE ignoring TA command when estimating one-way delay using RTT technique.
The RTT consistency issue was discussed in Rel-16 IAB WI for the IAB node to synchronize its DL Tx timing with its parent IAB node by compensating the one-way propagation delay. However, RAN1 eventually did not specify any solution for this issue, due to two reasons:
· Rel-16 IAB focuses on fixed IAB node so that it is assumed the parent IAB node rarely needs to send non-zero TA commands to its child nodes. 
· Rel-16 IAB still maintains the RAN4 gNB-sync requirement of non-IAB network, which is 3µs and therefore not quite sensitive to RTT inconsistency in fixed IAB scenario.  
Observation-1: The explicit-PDC (RTT-based PDC) method may need message exchange between gNB and UE in both MAC layer (for propagation delay estimation) and RRC layer (for propagation delay compensation). Then for explicit PDC, it can be a question how to get synchronization procedure in specification to involve two different protocol layers (MAC and RRC) in order to minimize the synchronization error. Such question, however, falls out of RAN1 scope. 
Observation-2: The explicit-PDC (RTT-based PDC) method can be sensitive to inconsistent RTT measurements (i.e., for the two RTT measurements in gNB and UE, one is done before TA adjustment and another is done after TA adjustment).      
The Method-1 has another advantage due to its easy implementation of averaging technique to statistically reduce the synchronization error. In Method-1, the UE and gNB can, as an implementation issue, repeat step 1) and step 3) in Table 1 to leave gNB with multiple pairs of <, > and to leave UE with multiple pairs of <, >. It remains as another implementation issue for gNB to derive <> that is sent in step 2) by averaging over multiple pairs of <, >. The same applies to UE in deriving eclk by using average of multiple pairs of <, >.
The error analysis above does not take into account the quantization error in message delivery. To consider the quantization effects in messaging, 
· For explicit PDC (Method-2), a measured RTT needs to be delivered between gNB and UE. If the design is to reuse the T_delta MAC-CE signaling from Rel-16 IAB, the indication granularity of RTT/2 is 64Tc (≈32.6ns) in FR1, which means the contribution to the final synchronization error is 16.3ns. 
· For implicit PDC (Method-1), the timing relating to ,  and  are delivered between gNB and UE. Assume the same quantization as in ReferenceTimeInfo-r16 (i.e., 10ns), the largest total quantization error adding to final synchronization is (5+5+5)/2=7.5ns. Because the error budget from RAN2 already counts 5ns for DL transmission of ReferenceTimeInfo-r16, which is however replaced in Method-1, the relative quantization error in implicit-PDC method against the overall error budget is only 2.5ns.   
Accordingly, the total synchronization error for implicit PDC (Method-1) can be formulated as: 

This gives the following total synchronization error (depending on RAN4 feedback on interpretation of Te) without averaging being applied:     
· 330ns, if =Te, and =100ns.
· 280ns, if =Te. 
Observation-3: The total synchronization error for implicit-PDC is within the range of  , which gives 330ns for control-to-control scenario under current RAN1 assumptions. 
· RTT-based explicit-PDC method (a generalized Method-2) has to meet additional conditions in order to have an error range no larger than implicit-PDC.
· The averaging technique (as gNB/UE implementation issues) can further statistically reduce the synchronization error in implicit-PDC. 
In summary, the implicit-PDC method (Method-1) has following advantages over RTT-based PDC:
· Per performance wise, the implicit-PDC can
· have coefficients of  and  equal to ½ (instead of 3/2) in total error. 
· avoid RTT inconsistency issue and be free from impacts of TA command granularity and RTT indication granularity. 
· easily allow implementation-based averaging to statistically reduce the synchronization error.    
· Per specification wise, the implicit-PDC can
· keep the related signaling within the same protocol layer. 
· easily support both UE-based PDC and gNB-based PDC. This contribution describes the UE-based PDC. The same principle and similar signaling flow can be applied to gNB-based PDC. 
· make the RAN1 work minimal --- RAN1 does not need to add UE behaviors relating to RTT measurement, TA operation or one-way delay estimation; the major work is the signaling design in RAN2, which can be just a reuse of existing DL RRC message on UL.
· lower the necessity for RAN4 to tighten UE hardware requirement on Te.      
Proposal-1: RAN1 to take implicit PDC method into account for enhancing time synchronization.
· The method targets to find the difference between two local clock times respectively in gNB and UE. 
· Both gNB and UE individually transmit at least one message to each other, where the message contains the local clock time corresponding to the time at which the message is sent.
· Note: The current spec already supports such message sent from gNB to UE. 
· gNB sends to UE another message corresponding to the information of its local clock time corresponding to the time at which the above-mentioned message from the UE is received at the gNB.    
Proposal-2:   With implicit PDC, RAN1 relies on averaging technique (as gNB/UE implementation issue) to statistically reduce impacts from the errors generated in gNB/UE Tx/Rx, rather than asking RAN4 to tighten UE hardware requirements and/or parameters. 
Conclusions
In this contribution, we show our views on propagation delay compensation enhancement with following observations and proposals:
Observation-1: The explicit-PDC (RTT-based PDC) method may need message exchange between gNB and UE in both MAC layer (for propagation delay estimation) and RRC layer (for propagation delay compensation). Then for explicit PDC, it can be a question how to get synchronization procedure in specification to involve two different protocol layers (MAC and RRC) in order to minimize the synchronization error. Such question, however, falls out of RAN1 scope. 
Observation-2: The explicit-PDC (RTT-based PDC) method can be sensitive to inconsistent RTT measurements (i.e., for the two RTT measurements in gNB and UE, one is done before TA adjustment and another is done after TA adjustment).  
Observation-3: The total synchronization error for implicit-PDC is within the range of  , which gives 330ns for control-to-control scenario under current RAN1 assumptions. 
· RTT-based explicit-PDC method (a generalized Method-2) has to meet additional conditions in order to have an error range no larger than implicit-PDC.
· The averaging technique (as gNB/UE implementation issues) can further statistically reduce the synchronization error in implicit-PDC.     
Proposal-1: RAN1 to take implicit PDC method into account for enhancing time synchronization.
· The method targets to find the difference between two local clock times respectively in gNB and UE. 
· Both gNB and UE individually transmit at least one message to each other, where the message contains the local clock time corresponding to the time at which the message is sent.
· Note: The current spec already supports such message sent from gNB to UE. 
· gNB sends to UE another message corresponding to the information of its local clock time corresponding to the time at which the above-mentioned message from the UE is received at the gNB.    
Proposal-2:   With implicit PDC, RAN1 relies on averaging technique (as gNB/UE implementation issue) to statistically reduce impacts from the errors generated in gNB/UE Tx/Rx, rather than asking RAN4 to tighten UE hardware requirements and/or parameters. 
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