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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 does not.
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 the such “alignment” is subject to total effects of DL-Tx timing error and UL-Rx timing error, if any. As of this writing, the following working assumption for the total TA-based PDC error evaluation was reached in RAN1, together with RAN4 decision on Te modeling [3]: 
	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:  <= Te
· Option 2:  = Te and  is equal to a value separate from Te 

· Alt. 2: 

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

[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. 
For Alt.2, 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 one-way propagation delay estimation error is associated with a DL transmission used for the most recent TA adjustment, while   within the one-way propagation delay compensation is associated with a DL transmission used to deliver ReferenceTimeInfo to UE. It is then dependable on 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. 
Nevertheless, it is our view that 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.   
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. The RTT measurement on gNB side is subject to  and , and RTT measurement on UE side is subject to  and . The RTT indication delivered between gNB and UE is subject to a RTT quantization error. The existing NR specification supports the following RTT granularity: 
· The Rel-16 IAB supports RTT granularity of 64Tc in T_delta MAC-CE, sent on DL from parent IAB node to IAB MT, for FR1. 
· The Rel-16 NR Positioning supports uneven RTT granularity of 2k Tc (2≤k≤5) in gNB Rx-Tx time difference report, sent from gNB to positioning server. 
In TA-based PD estimation, the DL-Rx timing and UL-Tx timing are measured at baseband. In contrast, for the existing RTT-based PD estimation,  
· In Rel-16 IAB: The timing measurements in parent IAB node should be at the same reference point (baseband vs. antenna connector) as where the parent IAB node determines the DL-Tx timing for inter-cell synchronization. According to 38.133, the gNB cell phase synchronization is measured at gNB antenna connector. 
· In Rel-16 positioning: according to 38.215, the reference points for timing measurements of DL-Tx and UL-Rx are gNB Tx/Rx antenna connectors.  
Nevertheless, the clock time contained in ReferenceTimeInfo in the PD compensation step is not a measure at the gNB antenna connector, according to following 38.331 texts: 
	time
This field indicates time reference with 10ns granularity. The indicated time is referenced at the network, i.e., without compensating for RF propagation delay. The indicated time in 10ns unit from the origin is refDays*86400*1000*100000 + refSeconds*1000*100000 + refMilliSeconds*100000 + refTenNanoSeconds. The refDays field specifies the sequential number of days (with day count starting at 0) from the origin of the time field.
If the referenceTimeInfo field is received in DLInformationTransfer message, the time field indicates the time at the ending boundary of the system frame indicated by referenceSFN. The UE considers this frame (indicated by referenceSFN) to be the frame which is nearest to the frame where the message is received (which can be either in the past or in the future).
If the referenceTimeInfo field is received in SIB9, the time field indicates the time at the SFN boundary at or immediately after the ending boundary of the SI-window in which SIB9 is transmitted.



In fact, the correctness of PD compensation does not rely on whether the “PD to be compensated” is “PD between gNB/UE antenna connectors” or “PD between gNB/UE baseband Tx/Rx”; instead, it only requires the same timing measurement reference (i.e., antenna connector vs. baseband) to be applied to both PD estimation step and PD compensation step. If existing ReferenceTimeInfo definition is reused, the PD estimation cannot use gNB/UE antenna connectors as the timing measurement references. New RTT measurements in gNB and UE for PDC purpose should be defined in 38.215. 
Meanwhile, whether the timing measurement reference is set to antenna connector or baseband framing should not affect the Tx/Rx timing errors such as {, , , }, as long as the timing measurements are not directly read at antenna connectors. For example, assume in UE implementation the hardware delay from DL-Rx antenna connector to DL-Rx baseband is , where ∆ is a known benchmarked constant and ε is a random hardware error. Then a reading of time instance of t in baseband could be interpreted as:
· time t if measurement reference is set at baseband; 
· time t-∆ if the measurement reference is set at antenna connector. 
But in either case, the error of ε always gets translated into measurement of t as a residue error component.   
Observation-3: For RTT-based PDC using two-step PD estimation and PD compensation, 
· The RTT measurements in gNB and UE should take the same timing measurement reference point as for timing measurement associated with ReferenceTimeInfo, which are not gNB/UE antenna connectors. New RTT measurement definitions for gNB and UE are needed for PDC purpose. 
· The RAN1 assumptions on values of {, , , } for TA-based PDC are still applicable to RTT-based PDC. 
In a RTT-based PDC, the most reliable UE-side RTT is still established “immediately after” the TA adjustment and before gNB-side RTT measurement is obtained. In other words, both gNB-side RTT measurement and RTT indication delivery between gNB and UE should be performed and after TA adjustment but before PD compensation, which may make it more challenging for gNB to keep the same  across the DL transmission in PD estimation step and the DL transmission in PD compensation step. 
The RTT-based PDC owns a new issue that TA-based PDC does not have: the current specification allows gNB and UE measuring RTT on their own sides without any coordination, which makes it possible to calculate the one-way delay based on a pair of two RTT measurements in gNB and UE where one RTT measurement on one end occurs before TA adjustment and the other RTT measurement on the other end occurs after the same TA adjustment.  In such a case, half of RTT difference does not reflect exactly the propagation delay, but containing certain TA adjustment amount, which makes propagation delay estimation inaccurate. The error caused by such inconsistency issue, if occurring, becomes a new error term that can be as small as half of TA command granularity, which makes RTT-based PD estimation even worse than TA-based PD estimation. This RTT inconsistency issue was raised in Rel-16 IAB timing synchronization but was not handled in RAN1 because Rel-16 IAB deals with fixed IAB locations and the TA command is considered quite infrequent.  In addition, the PD estimation error budget in Rel-16 IAB is much larger than 275ns.   
Assuming the pairing of RTT measurements in gNB and UE is consistent, the RTT-based PDC error performance, as formulated below, can follow the similar error modeling analysis for TA-based PDC, except that  is replaced by . 
· Alt. 1: 

· Alt. 2:

Table 2 lists the condition on  that qualifies  under existing RAN1/RAN2 specifications and assumptions. Unfortunately, all these conditions are not feasible in practice, which means certain existing specification/assumption has to be changed. 
	
	Alt.1
	Alt.2-1 with 
	Alt.2-2 with 

	
	≤-335 ns
	≤-70.6 ns
	≤-5.6 ns


[bookmark: _Ref70288745][bookmark: _GoBack]Table 2 Condition on  based on existing assumptions/budget
Instead of changing Te, which requires an involvement of RAN4 discussion and potentially risks a delay of whole WI feature, we prefer to keep the specification change out of RAN4, and to focus on the re-design of both “” and timing granularity (denoted as Tg below) in ReferenceTimeInfo to meet  . This leads to a condition upon , as shown in Table 3. It can be seen that only “Alt.2-2 with ” can be “numerically feasible”, for example,  RTT indication has a quantization granularity of 8Tc and ReferenceTimeInfo has a time granularity of 2ns. Nevertheless, the granularity of 8Tc for RTT measurement/indication still needs RAN4 verification, which means the RAN1 specification impact (if the corresponding one-way delay estimation is defined in RAN1 specification, as Rel-16 IAB does) would wait for RAN4 response.  
	
	Alt.1
	Alt.2-1 with 
	Alt.2-2 with 

	
	≤-326 ns
	≤-60.6 ns
	≤4.375 ns


[bookmark: _Ref76564227]Table 3 Condition on  to meet 280ns error budget
Observation-4: For RTT-based PDC, there two key pre-requisites:
· Pre-requisite #1: Similar to TA-based PDC, the run-time timing error associated with DL transmission/reception (e.g. ) is ensured to be the same between PD estimation step and PD compensation step. 
· This is more challenging in RTT-based PDC than in TA-based PDC. 
· Pre-requisite #2: The RTT measurement in gNB and the RTT measurement in UE that are paired for a single PD estimation are ensured to be consistent.  
· RAN1/RAN4  need to study a new timing error term if the pre-requisite #2 is not met.   
If either of above pre-requisites is not met, the RTT-based PDC barely provides any performance/implementation advantage over TA-based PDC;
If both of above pre-requisites are met, there is one solution for the error modeling of “Alt.2-2 with ” that allows Uu error budget being met without any enhancements on RS and UE hardware requirement (Te): to reduce granularity of RTT indication and granularity of clock time in ReferenceTimeInfo.     
Implicit PDC
[image: ]
[bookmark: _Ref70104851]Figure 1 Implicit PDC timing diagram with signalling flow (Option-1)
The principle of implicit PDC is to obtain an adjusted clock value () on UE side, at any time t, as

where 
·  is the clock time on UE side that is made synchronized to the clock inside gNB. 
·  is the nominal clock time locally running inside UE at time t. This clock is not modifiable by procedures such as TA or PDC.  
·    is the most recent clock error estimation made before time t, where, as shown in Figure 1,
·  and  are respectively the gNB clock time associated with the reception of a PUSCH and UE nominal clock time (i.e., running on ) associated with the transmission of the same PUSCH, where the PUSCH carries a message information relating to .  is also delivered back to UE via RRC signaling.  
·  and  are respectively the UE nominal clock time (i.e., running on ) associated with the reception of a PDSCH and gNB clock time associated with the transmission of the same PDSCH, where the PDSCH carries a message information relating to .  
The clock synchronization error of implicit PDC (Option-1) is simply the error of , which is given by

Assume ReferenceTimeInfo RRC IE is reused as the template to carry UL message <> and DL message <>, the time quantization granularity () in ReferenceTimeInfo IE is 10ns. Consequently, . Because the implicit PDC does not use delay compensation and therefore does not consume 5ns error caused by the ReferenceTimeInfo-r16 quantization in the network part of synchronization budget, the available Uu-interface error budget for implicit PDC is actually 280ns. 
Observation-5: For implicit PDC, the total Uu error budget is 280ns, instead of 275ns. 
The easiest way to remove this 5.3ns gap is to reduce the granularity of time indication in ReferenceTimeInfo RRC IE. Assume the granularity () in ReferenceTimeInfo time indication needs to satisfy . This requires .  
It should be noted that the granularity of 2ns or 2.5ns for timing indication is not a new lowest record of the timing report granularity in NR. The UE Rx-Tx timing difference report in LPP protocol can have timing granularity as low as 4Tc, which is also about 2ns, in FR1.  
[image: ]
[bookmark: _Ref76636658]Figure 2 Implicit PDC timing diagram with signalling flow (Option-2)
The term of   can be equivalently formulated as  , which suggests another signaling flow as shown in Figure 2: 
· Step-1: UE sends a message to gNB, where the message helps UE and gNB to establish the UL-Tx timing in UE () and UL-Rx timing in gNB (). It does not matter whether this uplink message explicitly contains any information or not. The details is up to RAN2. 
· Step-2: The gNB sends to UE a DL message containing a timing information relating to , where  corresponds to the DL-Tx timing for the transmission of this DL message. The existing RRC message of ReferenceTimeInfo can be reused/extended in this case. The choice is up to RAN2.
· Step-3: The UE calculates  , where  is the DL-Rx timing corresponding to the reception of the DL message mentioned in Step-2, and  is the UL-Tx timing mentioned in Step-1. 
Note that the Option-2 above can be considered a special type of RTT-based PDC, where the information delivered from gNB to UE is not “Rx-to-Tx interval duration”, but “Rx-to-Tx mid-point timing”.   
For Option-2, the clock synchronization error of implicit PDC (Option-2) is given by

Then  yields .
Observation-6: A small-enough time indication granularity can make the implicit PDC meet the single Uu error budget for control-to-control scenario, without specification impacts in RAN1 and RAN4. 
Proposal 1: Suggest RAN2 to adopt implicit PDC for clock synchronization, with following RAN2 specification impacts.
	
	Option-1
	Option-2

	Design of UL RRC message
	One message that contains the local UL-Tx clock timing () associated with the transmission of  the message.  
	One message that does not necessarily contain explicit timing information, but should be able to help to uniquely identify local UL-Tx clock timing and local UL-Rx clock timing associated with the message. 

	Design of DL RRC message
	One message that contains a clock time difference () where  is the local clock time associated with the reception of UL RRC message (timing determination could be the same as ReferenceTimeInfo), and   is the clock time in the received UL RRC message. 
Another message that contains the local clock time associated with the transmission of this message (exactly the same interpretation as for ReferenceTimeInfo). 
	One message that contains a Rx-to-Tx “mid-point” (), where  is the local clock time associated with the reception of above-mentioned UL RRC message, and   is the local clock time associated with the transmission of this DL RRC message. 

	Timing granularity in the DL/UL message
	2ns or 2.5ns
	4ns



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 one-way propagation delay estimation error is associated with a DL transmission used for the most recent TA adjustment, while   within the one-way propagation delay compensation is associated with a DL transmission used to deliver ReferenceTimeInfo to UE. It is then dependable on 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. 
For RTT-based PDC,
Observation-3: For RTT-based PDC using two-step PD estimation and PD compensation, 
· The RTT measurements in gNB and UE should take the same timing measurement reference point as for timing measurement associated with ReferenceTimeInfo, which are not gNB/UE antenna connectors. New RTT measurement definitions for gNB and UE are needed for PDC purpose. 
· The RAN1 assumptions on values of {, , , } for TA-based PDC are still applicable to RTT-based PDC. 
Observation-4: For RTT-based PDC, there two key pre-requisites:
· Pre-requisite #1: Similar to TA-based PDC, the run-time timing error associated with DL transmission/reception (e.g. ) is ensured to be the same between PD estimation step and PD compensation step. 
· This is more challenging in RTT-based PDC than in TA-based PDC. 
· Pre-requisite #2: The RTT measurement in gNB and the RTT measurement in UE that are paired for a single PD estimation are ensured to be consistent.  
· RAN1/RAN4  need to study a new timing error term if the pre-requisite #2 is not met.   
If either of above pre-requisites is not met, the RTT-based PDC barely provides any performance/implementation advantage over TA-based PDC;
If both of above pre-requisites are met, there is one solution for the error modeling of “Alt.2-2 with ” that allows Uu error budget being met without any enhancements on RS and UE hardware requirement (Te): to reduce granularity of RTT indication and granularity of clock time in ReferenceTimeInfo.     
For implicit PDC,
Observation-5: For implicit PDC, the total Uu error budget is 280ns, instead of 275ns. 
Observation-6: A small-enough time indication granularity can make the implicit PDC meet the single Uu error budget for control-to-control scenario, without specification impacts in RAN1 and RAN4. 

Proposal 1: Suggest RAN2 to adopt implicit PDC for clock synchronization, with following RAN2 specification impacts.
	
	Option-1
	Option-2

	Design of UL RRC message
	One message that contains the local UL-Tx clock timing () associated with the transmission of  the message.  
	One message that does not necessarily contain explicit timing information, but should be able to help to uniquely identify local UL-Tx clock timing and local UL-Rx clock timing associated with the message. 

	Design of DL RRC message
	One message that contains a clock time difference () where  is the local clock time associated with the reception of UL RRC message (timing determination could be the same as ReferenceTimeInfo), and   is the clock time in the received UL RRC message. 
Another message that contains the local clock time associated with the transmission of this message (exactly the same interpretation as for ReferenceTimeInfo). 
	One message that contains a Rx-to-Tx “mid-point” (), where  is the local clock time associated with the reception of above-mentioned UL RRC message, and   is the local clock time associated with the transmission of this DL RRC message. 

	Timing granularity in the DL/UL message
	2ns or 2.5ns
	4ns
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