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[bookmark: _Hlk510705081]During RAN1#104e an email discussion on propagation delay compensation enhancements was conducted. The  summary of the discussion can be found in [1], with the agreements from the chairman’s notes [2] copied in below:
	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

Final LS in R1-2102245


This contribution continues the discussion on propagation delay compensation enhancements and addresses the following open points identified during the email discussion: 
· How to interpret the propose value representing the BS frame transmission error.
· What we are assuming of BS transmit frame timing error in the smart grid scenario.
· The assumption on DL frame detection error at the UE for TA and RTT based PDC.
· Considerations when comparing PD estimation Option 1 (including variants) and Option 2.
Additionally, to discussing the above open points, we discuss each PD estimation technique, and their potential for enhancements and eventually evaluate the TS accuracy and compare the outcome with the RAN2 provided Uu interface budgets.
[bookmark: _Ref60941680]Discussion of identified open points from RAN1#104e
How to interpret the BS frame transmission error.
In RAN1#103e, we have agreed to use 65ns to represent the BS frame transmission timing error for the control-to-control scenario. As discussed during RAN1#104-e, it is not clear if this should be interpreted as a maximum (<) or a relative (±) value. The same question applies when discussing the two options on how to represent the BS frame transmission timing error for the smart grid use case. 
The agreed number of 65ns originates from the TAE requirement from TS 38.104, where the TAE represents the relative maximum timing error between any two antenna ports (i.e. <65ns). So, our interpretation of the agreed value is to use <65ns which translates to ±32.5ns per gNB antenna port as also captured in the moderator proposal from RAN1#104. Therefore, we support the latest related moderator proposal from RAN1#104-e:
Proposal 1: errorBS,DL,TX (i.e. ±32.5 ns) is included in the equation for calculating the overall time synchronization for the control-to-control scenario 


BS transmit frame timing error in the smart grid scenario.
In RAN1#103e we have agreed to further consider one of two values to represent the BS frame transmission error for the smart grid scenario. 
Firstly, we recall that this error captures the timing error between the SFN timestamp in referenceTimeInfo-r16 IE which is captured at the gNB-DU [38.470 section 5.2.2] and note that RAN2 has provided a Uu interface time synchronization accuracy, derived from the 5GS E2E requirement subtracting a network and device time inaccuracy parts. It is important that RAN1 is not including an error component in the Uu interface accuracy analysis which is already captured by RAN2 in the provided budget. The LS reply from RAN2 [6], makes it clear that the Uu interface accuracy budget is from (and including) the gNB-DU. 
Regarding the two considered options. Option 1 propose the value of 200ns, and Option 2 is proposing to use 65ns as the BS transmission error, which is similar to what has been agreed to be used for the control-to-control scenario. We do not think that there is a TAE requirement applicable for smart grid scenario which we consider as a wide area use case.
Observation 1: For the smart-grid scenario, no TAE requirement is applicable to represent the BS frame transmit timing error. 
Instead we need to rely on estimations of the BS frame transmission timing error. It is our preference that the smart grid scenario Uu interface accuracy evaluation considers cases where there is a longer distance between a gNB-DU and the deployed radio equipment entities, compared to the control-to-control scenario. For that reason, we propose to assume an BS frame transmission timing error of ±100ns or equivalent to Option 1 when this value is interpreted as Proposal 1, as already discussed during RAN1#104-e. 
Proposal 2: Use ±100ns (Option 1) to represent the BS frame transmission timing error for the smart grid scenario.


Downlink frame detection error at the UE for TA and RTT based PDC
During RAN1#104-e, the following was agreed:
	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



Related to the FFS point on value for RTT-based PDC techniques, we would like to note the following: 
The absolute SFN timestamp found in referenceTimeInfo-r16 IE can be generated by the gNB-DU. The timestamp is therefore subject to an error between the gNB-DU and the air interface timing. Apart from this, the UE is tracking the DL frame timing to determine the SFN boundaries. Therefore, all evaluations of Uu interface accuracy must include both errors, a DL frame timing error and the gNB-DU SFN to air interface error.
The DL frame detection error is therefore present in all PD estimation options when it comes to determining a reference point at the UE for either TA (UL Tx = DL Rx – TA) as well as an Rx-Tx measurement at the UE. During RAN1#104-e, there had been discussions that a smaller value may be applicable considering other RS usage such as CSI-RS and PRS. We would like to re-iterate our related comment here, that improvements using more wide-band reference signals can improve the detection accuracy of the first detected path. But this would equally apply to TA and RTT based PDC methods as the first detected path is equally used for the TA operation as well as RTT based measurements and feedback. Therefore, the same values should be applied for RTT and TA based methods unconditionally.
Observation 2: The downlink frame detection error at the UE is present at all PD estimation options due to the reference point detection related to SFN boundary referred from referenceTimeInfo-r16. Improved accuracy of the DL frame detection error by using other DL RS such as PRS equally improves the performance of TA-based and RTT-based PDC methods. 

Therefore, the same value should apply to TA and RTT-based methods by agreeing the following: 

Proposal 3: 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, if downlink frame timing detection error needs to be considered separately.

Moreover, both procedures produce an RTT estimate and hence the DL frame detection error at the UE contributes by half (Option 1 in Revised Proposal 3.4-1 from RAN1#103-e).

Proposal 4: Agree on Option 1 in the Revised Proposal 3.4-1 from RAN1#103e moderator summary in R1-2009551:
· For the equation for calculating the overall time synchronization error use  to account for the downlink frame timing error for TA and RTT-based PD compensation methods.


Considerations when comparing PD estimation Option 1 (incl variants) and Option 2.
When it comes to the evaluation assumptions applicable for Option 1 (and variants) and Option 2, we need to remember that in the process of evaluating time synchronization accuracies of PD estimation options a fair evaluation is essential to ensure the right options for the desired accuracies are chosen. For this matter, it is important that we do not make option specific assumptions that other options would also be impacted of, e.g. what reference signals are applied and what bandwidths and channel conditions are present/available. 
Proposal 5: Assume equivalent downlink and uplink frame detection error assumptions at all considered PD options to ensure unbiased evaluation.  
Caution is needed regarding the assumption on when DL PD estimation is assumed to be acquired after a DRX period.  Figure 1 provides an example timeline related to PD estimation after a DRX period. 
[image: ]
[bookmark: _Ref60665149]Figure 1. Timeline example for PD compensation times after DRX, either at time a or time b.
If a PD estimation is to be acquired immediately after the UE wakes up from a DRX period (the UE has not yet transmitted anything), the best PD estimation will be the latest one acquired (from an earlier wake-up period, e.g. using either RTT1/2 or NTA1/2 as per Figure 1). This applies to all PD estimation options considered and is illustrated with PD option a in Figure 1. If PD option a is to be further considered in RAN1, it would need to be discussed what the accuracy of using a PD estimation from a previous DRX cycle. 
If the PD estimation is to be acquired after the gNB issues an additional signal based on the uplink transmission detected arrival time, the gNB may issue an updated timing advance value, a PD estimation signal, or even a reference signal to complete an Rx-Tx measurement procedure. In this case, the UE may use an updated PD estimate (from either NTA2/2 or RTT2/2), which is illustrated as PD option b in Figure 1. Here, the PD accuracy evaluation assumptions should be quite different; 
· For timing advance the UE will have an up to date NTA value and hence Te does not apply anymore. Instead, the TA adjustment error would be applicable.
· For an Rx-Tx procedure, as both an UL and DL reference signal has been available, e.g. CSI-RS in DL and some UL transmission (e.g. SRS), the Rx-Tx measurement can be conducted, but if the initial UL transmission is used, Te would still apply. 
· The UE potentially has acquired multiple DL reference signals to enhance its DL frame timing accuracy. 

Two options could be considered to align the assumptions between Rx-Tx and timing advance moving forward:
· Option a. The UE utilize a PD estimation from its previous DRX awake period, as the UE needs an PD estimation immediately after waking up from DRX. A similar error related to using an old PD for PDC applies to all PD estimation options.
· Option b. The UE may acquire an up-to-date PD estimation after waking up from DRX. This implies that the gNB may signal an updated timing advance value (if needed) or complete a Rx-Tx measurement procedure to acquire an updated RTT estimation.
Opt. a is aligned with the current discussion in RAN1 and if the assumption of using Te in the evaluations is maintained, then an implementation error similar to Te should be applied to both options 1 and 2 based on TA and Rx-Tx measurements. Alternatively, it should be agreed to not capture Te for both PD estimation procedures with the argument that the initial UL transmission is not involved. Opt. b is a somewhat leaner approach as it assumes that the UE acquire a PD update after waking up from DRX (even simpler if it is assumed that the initial UL transmission is not involved), and would be applied for both PD estimation options based on TA and by the use of Rx-Tx measurements.
This issue had been discussed during RAN1#104-e, without any conclusion. It has been discussed that it may be better to request feedback from RAN2 on this issue. As noted in the discussions, clearly the same assumption when combing back from DRX would need to be applied to both methods – as otherwise, the comparison of the methods (and the evaluated related t-sync performance) may present different assumptions when re-turning from DRX. 
Proposal 6: For a fair comparison between PD estimation Option 1 (TA) and Option 2 (RTT), alignment on when a PD estimation is acquired after DRX is required. RAN1 should ask RAN2 when a PD estimation can be assumed to be acquired after DRX, either:
· Option a. The UE utilize a PD estimation from its previous DRX awake period, as the UE needs a PD estimation immediately after waking up from DRX. A similar error related to using an old PD for PDC applies to all PD estimation options.
· Option b. The UE may acquire an up-to-date PD estimation after waking up from DRX. This implies that the gNB may signal an update timing advance value or complete a Rx-Tx measurement procedure.

Proposal 7: After having RAN2 feedback on the PD estimation assumptions after DRX, align the assumption across PD estimation Options 1 (TA) and 2 (RTT).  
PD estimation options and possible enhancements
In this section the benefits, drawbacks and potential enhancements of each PD estimation option is discussed, starting with legacy timing advance based on Release-16 specifications.
Legacy timing advance (Release-16)
Legacy timing advance has been widely discussed in both RAN1#102e and RAN1#103e, and which evaluation assumptions to apply for this. The strongest benefit of this option is that all UEs support TA and hence using it for time synchronization would not introduce any additional standardization effort or additional signaling overhead. Additionally, as TA represents the round-trip-time (RTT) between the gNB and the UE at the air interface and is always applicable at the UE, it is straight forward to use it for DL PD estimation. So far, legacy timing advance (based on Release-15) has been demonstrated, i.e. in [5], to be sufficiently accurate for scenarios including only a single Uu interface, and given the strong benefits (e.g. low standardization effort, no additional air interface signaling needed), this option should be considered a strong candidate for PD compensation in these scenarios.
It has been discussed how to enhance the time synchronization accuracy error caused by the NTA granularity (e.g. carried in the timing advance command). This is also partly the motivation behind PD estimation Option 1a, where a new MAC CE, could optionally be introduced to be used to supplement the current timing advance command. Alternatively, to introducing a new MAC CE, existing work in Release-16 may be used instead. In the context of IAB, a Timing Delta MAC CE has been introduced [TS 38.213 Section 14, TS 38.321 which serves the purpose of enhancing DL PD estimation accuracy and hence also the NTA signaling granularity. The description of the Timing Delta MAC CE is copied in below from TS 38.213 Section 14:
	If an IAB-node is provided an index  in a Timing Delta MAC CE [11, TS 38.321] from a serving cell, the IAB-node may assume that  is a time difference between a DU transmission of a signal from the serving cell and a reception of the signal by the IAB-MT when , where  is obtained as for a "UE" in Clause 4.2 for the TAG containing the serving cell and  and  are determined as
-	 and , if the serving cell providing the Timing Delta MAC CE operates in FR1, 
-	 and , if the serving cell providing the Timing Delta MAC CE operates in FR2
The IAB-node may use the time difference to determine a DU transmission time.


Utilizing this Timing Delta MAC CE will supplement NTA e.g. provided in the Timing Advance MAC CE, hence the UE. Based on our understanding this should be understood as the downlink air interface propagation delay even with the split between a DU and RU in IAB terminology. The signaling granularity of  is given by , where  for FR1 operation. This corresponds to 32ns and is 16 times smaller than NTA for 15kHz SCS, and 8 times smaller than NTA for 30kHz SCS. The drawback is that when NTA needs to be updated, Timing Delta MAC CE update might also be needed.
During RAN1#104-e, it was raised that the Timing delta MAC CE is a part of the RTT (PD Option 2) mechanism. It is our clear understanding that Timing Delta MAC CE is in fact an add-on to TA (which is also an RTT estimate), to make it more precise when used for one-way DL PD estimation.
Observation 3: For Option 1 schemes, using the Timing Delta MAC CE introduced in Release 16 for IAB may reduce the error from NTA granularity by 16 and 8 times for 15kHz and 30kHz SCS, respectively.
Proposal 8: RAN1 should use Release-16 as baseline for PD estimation accuracy enhancement evaluations, which includes the Timing Delta MAC CE introduced in Release 16 for IAB. 
Option 1a
With this option it is proposed to use legacy timing advance for PD estimation, and potentially enhance the error introduced by the TA indication granularity. If the baseline is Release-16 legacy timing advance with the Timing Delta MAC CE, then the remaining error caused by TA signaling granularity is only 32ns/2 = ±16ns. This option is not expected to provide a big gain compared to Release-16 legacy timing advance combined with the Timing Delta MAC CE, as the PD adjustment granularity could only be improved by a new higher TA indication granularity than what the Timing Delta MAC CE provides already.
Observation 4: Only a very minor enhancement is feasible with PD estimation Option 1a compared to legacy timing advance supplemented by the Timing Delta MAC CE introduced in Release 16 for IAB.

Option 1b
In this option it is proposed to revisit the RAN4 requirements for timing advance related to the initial transmission (Te) error and the adjustment accuracy. It has been agreed in RAN2#102e that Te is considered in the evaluation of timing accuracy (not the adjustment accuracy), so this section will discuss if and how Te can be enhanced.
The initial timing requirement (Te), specified in TS 38.133, and as already mentioned earlier, applies for the first uplink transmission in a DRX cycle and conditioned on the availability of an SSB within the last 160ms. The uplink transmission time is determined based on the latest downlink frame timing at the UE (e.g. from an available SSB) minus the previous signaled TA. As illustrated in Figure 2, Te may be interpreted as the maximum implementation error of applying the previous TA, relative to the latest DL frame timing. 
[image: ]
[bookmark: _Ref59107400]Figure 2. Timing example involving Te (before and after DRX)
The accuracy of a PD estimation using Option 1b clearly depends on the Te, and as this is specified by RAN4, RAN1 may ask RAN4 on the feasibility to define a new and enhanced Te. Such additional, new Te requirement could be tied to a UE capability associated with higher accuracy PD estimation. 
As part of the LS discussion to RAN4 (Proposal 4.1-1), it was discussed during RAN1#104-e to also request feedback on reducing the Te value for certain enhanced UEs, which had been blocked by a single company just before the end of the email discussion. We still think asking RAN4 feedback would be useful, as this would equally affect TA and RTT based methods (when combined back from DRX, depending on the operation assumptions as discussed at the end of section 2 above and during RAN1#104-e. 
Proposal 9: Request feedback from RAN4 at least on the feasibility of assuming a smaller value than the current Te for UEs supporting accurate PDC and the use of accurate PDC assuming the same definition of Te in the current RAN4 specification. 
Option 1c
This option relies on the gNB to estimate DL PD based on timing advance. One of the motivating arguments behind is that the gNB will be able to estimate a DL PD more accurately than the UE as the estimate does not have to be signaled to the UE and hence be subject to an error caused by a finite granularity. The gNB is capable of determining when an updated NTA is needed, by measuring the timing offset (TO) and comparing the received uplink reception time with the gNB frame timing (illustration available in Figure 2). Signaling the changed NTA value to the UE currently implies an error of 32ns when using the described legacy timing advance (Release-16), which can be avoided if the gNB acquires the PD estimation. This require the gNB to track all relative TA adjustments to the absolute TA signaling during PRACH. 
Observation 5: Considering legacy timing advance (Release-16) or Option 1a, the benefits of Option 1c are limited as these options are mainly addressing the same error source (signaling granularity).
Further, if the UE applies an autonomous adjustment to its timing advance value, the gNB cannot reliably determine the applied timing advance value at the UE. There could be at least three options to handle this issue:
· Alt. 1. Relying on gNB implementation. The gNB may signal an updated Timing Advanced Command MAC CE, which will force the UE to discard its autonomous adjustments. 
· Alt. 2. The gNB may ask the UE for its applied timing advance. 
· Alt. 3. It is specified that DL PD estimation, when based on timing advance, is done not considering UE autonomous adjustments.
While Alt. 1 does not need any additional standardization effort, as we rely on gNB implementation, Alt. 2 and Alt. 3 does. It was argued during RAN1#104-e that Alt. 1 and Alt. 2 are can be subject to a situation where the gNB does not know if the UE has successfully received the MAC CE for TA. This could be caused by a missed HARQ-ACK transmission. In this case, the gNB will assume NACK and may decide retransmit after a UL transmission with the potential updated TA (SRS, PUSCH or PUCCH). The described event depends on the reliability of the control channel and hence given the low risk and a timely gNB action to counteract the effect, this event is not worth further consideration. The imminent benefit of Alt. 3 is that it does not introduce any additional over the air signaling compared to Alt. 2. Alt. 2 implies additional signaling being added and standardization effort as the UE would need to keep track of NTA with and without autonomous adjustments such that DL PD estimations can be done based on TA without autonomous adjustments. The introduction of any of these enhancements should be weighed against the benefit of Option 1c compared to the other considered options. 
In addition, it should be noted that Option 1c will have RAN3 impact based on the RAN3 LS in [7]. Therefore, late decisions on adopting this option may risk the feature not having timely support in RAN3.
Proposal 10: Option 1c should not be considered due to limited benefit compared to Option 1a and Option 1b, as well as due to potentially high specification effort including RAN3 impact. 

Option 2
This option relies on Rx-Tx measurement which is currently known from the Multi-RTT procedure used for positioning purposes and which is managed by the location management function (LMF). The Multi-RTT procedure is described in 38.305, where a high-level description from Section 8.10.1 is provided below:
	In the Multi-RTT positioning method, the UE position is estimated based on measurements performed at both, UE and TRPs. The measurements performed at the UE and TRPs are UE/gNB Rx-Tx time difference measurements (and optionally DL-PRS-RSRP and UL-SRS-RSRP) of DL-PRS and UL-SRS, which are used by an LMF to determine the RTTs.
The UE may require measurement gaps to perform the Multi-RTT measurements from NR TRPs. The UE may request measurement gaps from a gNB using the procedure described in clause 7.4.1.1.



For the purpose of accurate time synchronization, only the PD between the serving gNB and the UE is needed to compensate the SFN timestamp provided in referenceTimeInfo-r16 IE, which means that inter-gNB coordination (managed through the LMF in the Multi-RTT procedure) is not needed and can be considered as overhead when used for the purpose of time synchronization. Adapting this procedure directly for time synchronization results in an unnecessary large overhead due to the following aspects:
· No need for PD estimation towards multiple gNBs as only the PD between the serving gNB and the UE is needed for time synchronization.
· No need for the LMF to combine and determine proper set of configurations for the Rx-Tx measurements.

For the purpose of time synchronization, there might not be the same accuracy requirement as for positioning, and hence some of the enhancements introduced for positioning with higher power density and large bandwidths might not be needed for all time synchronization use cases. Additionally, there might not be any need for the gNB to initiative PRS transmissions only for the sake of time synchronization, if other reference signals are available and can provide sufficient accuracy, e.g. CSI-RS. 
As a part of the discussion during RAN1#104-e is was discussed which node should be responsible for PD compensation when Option 2 is used for PD estimation. While this is relevant from the perspective of ensuring a minimum level of signaling, it also further complicates the discussion in RAN1. The minimum signaling required for the RTT-based PD estimation method is an DL and UL RS and an Rx-Tx measurement report. Both nodes conduct an Rx-Tx measurement, but only one reports the Rx-Tx measurement to the node combining the two measurements to obtain an RTT estimation (and then can translate the RTT estimation to an DL PD estimation). So, no matter if the UE or the gNB combines the two Rx-Tx measurements, the report has to be generated and carried over the air interface and hence needs to be specified.  Therefore, our proposal is to leave the signaling framework for RAN2 (which node does PD compensation) and then RAN1 can discuss the which PD estimation option to be adapted and further study the related issues such as:
· Whether the same DL detection accuracy assumed for Option 1 (TA) should be assumed for the purpose of PD option comparison with Option 2 (RTT).
· Whether DL reference signals other than PRS could be used, such as CSI-RS. 
· What the Rx-Tx measurement report should contain.

Proposal 11: If RAN1 decides to continue evaluation Option 2 (Rx-Tx based PD estimation), RAN1 should leave the signaling framework for RAN2 and further study the following issues:
· Whether the same DL detection accuracy assumed for Option 1 (TA) should be assumed for the purpose of PD option comparison with Option 2 (RTT).
· Whether DL reference signals other than PRS could be used, such as CSI-RS. 
· What the Rx-Tx measurement report should contain.

Additionally, we note that, if RAN1 decides to support Option 2 for PD estimation, the procedure cannot replace the legacy timing advance procedure. This means that if legacy timing advance may provide sufficient time synchronization accuracy, Option 2 may be considered as unnecessary overhead.
Observation 6: Option 2 can be entirely overhead if legacy timing advance is already sufficiently accurate.

4	Evaluation of propagation delay estimation techniques
In this section, the performance of the considered propagation delay estimation techniques is studied, starting with the option with lowest standardization effort, namely legacy timing advance. The propagation delay estimation techniques are evaluated against the two provided Uu interface budgets given by RAN2 in the draft LS reply to RAN1 [6]:
· Control-to-control (with 2 Uu interfaces involved): ±145ns to ±275ns, 
· Smart grid scenario: ±795ns to ±845ns. 
The applied error source values are shown in Table A1 in Appendix A1. When calculating the total accuracy per PD estimation option, the worst case (absolute value) of each error component is applied. The notation used in this section is in line with the notation used in our previous t-docs, and a notation in line with the FL used notation (as used in [1]) is provided in Appendix A2 for each PD option.
Legacy timing advance (Release-15)
Based on the derivation in [5], we model the error of the legacy timing advance as follows:
TEUu-PD-Legacy = ½TEUE-DL-RX - ½TEgNB-UL-RX - ½TETe - ½TETA-C - TESFN-to-AI,
where TEUE,DL,RX is the downlink frame timing detection error at the UE, TEgNB,UL,RX is the UE uplink reception time detection error the gNB, TETe is the maximum initial transmit timing error TETA-C is the TA command indication granularity error and TESFN-to-AI is the SFN time stamping in referenceTimeInfo-r16 error relative to the air interface. All apart TESFN-to-AI is a part of the TA loop and hence when used for DL PD estimation is counted ½. 
The performance achieved with the agreed assumptions is provided below:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	Legacy timing advance (Release-15)
	458ns
	328ns
	525ns
	395ns


Based on the agreed assumptions, and the model presented above, it can be observed that legacy timing advance is sufficiently accurate for the smart grid use case and as this option does not introduce any additional overhead it have to be considered a strong candidate for this use case. This observation is aligned with Observation 1 from [1], which however does not consider the Release-16 introduced Timing Delta MAC CE.
Observation 7: Option 1 using legacy timing advance (Release-15) is sufficiently accurate to be used as PD estimation for the smart grid scenario with no enhancements needed.

Legacy Timing Advance (Release-16)
Then we consider the legacy timing advance (Release-16), where compared to Release-15 the signaling granularity is enhanced by using the Timing Delta MAC CE. The model we use here is similar to the one used for legacy timing advance (Release-15), but with an enhanced signaling granularity component (TETD) of ±16ns (instead of the TETA-C of ±260/130ns for 15/30kHz SCS for Release-15) :
TEUu-PD-Legacy-TD = ½TEUE-DL-RX - ½TEgNB-UL-RX - ½TETe - ½TETD - TESFN-to-AI.
The performance achieved with legacy timing advance (Release-16) supplemented by the Timing Delta MAC CE is provided below:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	[bookmark: _Hlk59425717]Legacy timing advance (Release-16)
	336ns
	271ns
	403ns
	338ns



We observe that by applying Timing Delta MAC CE to supplement the TA signaling granularity from the Timing Advance Command MAC CE, an enhancement of the DL PD estimation accuracy by 122ns and 57ns, for 15kHz and 30kHz SCS respectively, can be achieved. This is sufficiently accuracy for both the smart grid scenario as well as the control-to-control scenario with 30kHz SCS.
Observation 8: Option 1 using legacy timing advance supplemented by Release-16 Timing Delta MAC CE is sufficient for the smart grid scenario and the control-to-control use case with 30kHz SCS, but not for 15kHz SCS.
Proposal 12: Support legacy timing advance (Release-16) for propagation delay estimation, as it is sufficiently accurate, adds no additional overhead and requires no enhancements to handle at least the smart grid scenario. RAN1 should inform RAN2 that this option is preferred as one of the support PD estimation options. 

Option 1a
Option 1a proposes to either use legacy timing advance as it is or supplementing it with a new MAC CE for enhanced signaling granularity. As described above, the error caused by signaling granularity in legacy timing advance (Release-16) is ±16ns which means that the accuracy achieved with Option 1a would be limited to maximum ±16ns better than legacy timing advance (Release-16). The accuracy range with Option 1a is provided below:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	PD compensation (Option 1a)
	328ns<X≤336ns
	263ns<X≤271ns
	395ns<X≤403ns
	330ns<X≤338ns



Observation 9: Only a very minor (≤±16ns) enhancement is feasible with PD estimation Option 1a compared to legacy timing advance supplemented by the Release-16 Timing Delta MAC CE.

Option 1b
In Option 1b, it is considered whether the initial timing error Te can be enhanced when applied for legacy timing advance. The possible range of time synchronization accuracies with Option 1b used for PD estimation is provided in the table below:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	PD compensation (Option 1b)
	133ns<X<336ns
	133ns<X<271ns
	200ns<X<403ns
	200ns<X<338ns


It can be observed that Option 1b may be suitable for a sufficiently accurate PD estimation for the control-to-control scenario with 15kHz SCS as well. An enhancement of Te of at least ±122ns would be needed for the option to be sufficiently accurate to support all the control-to-control use cases with 15kHz SCS. 
Observation 10: Option 1b may be used to satisfy the accuracy of the control-to-control scenario with 15kHz SCS with enhanced Te by at least 122ns.
Proposal 13: RAN1 should ask RAN4 for the feasibility of enhancing Te by at least 122ns.

Option 1c
In Option 1c, the gNB issues a PD estimation, presumably based on measurements that could be used for issuing an updated timing advance to the UE. The PD estimation procedure is still subject to all errors that would influence the UL transmission time, which includes detection errors, initial transmission timing error and the SFN to air interface mismatch. The signaling granularity component can be alleviated though as discussed earlier. The error model for Option 1c can be expressed as: 
TEUu-PD-Option-1c = ½TEUE-DL-RX - ½TEgNB-UL-RX - ½TETe - TESFN-to-AI,
The performance range of Option 1c will then depend on the signaling granularity of the new PD signal, and results in a performance range similar to Option 1a, but for the sake of completeness also provided below:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	PD compensation (Option 1c)
	328ns<X≤336ns
	263ns<X≤271ns
	395ns<X≤403ns
	330ns<X≤338ns



Observation 11: Option 1c has similar performance as Option 1a.

Option 2
From the definition of the Rx-Tx measurement (at both gNB and UE), the reference point of both Rx and Tx times are the both at the antenna connectors (Rx and Tx) [TS 38.215], which means that there will be no uncertainty between these two reference points when used to measure the time between Rx and Tx for the Rx-Tx measurement. The error caused by UL and DL Rx reception time still needs to be considered, as it is subject to small scale fading. Also, there would an error caused by finite Rx-Tx measurement signaling granularity from the UE to the gNB. Lastly, the time mismatch between the SFN boundary timestamp and the air interface will also need to be captured (as it also is for all other PD estimation options). 
The time synchronization accuracy when Option 2 is used for PD estimation can be expressed as: TEDL-PD = ((TEgNB-RxTx) - (TEUE-RxTx))/2 – TESFN-to-AI, and when the errors related to each Rx-Tx measurement is expanded the expression becomes:
TEUu-PD-Option-2 = ½TEgNB-UL-RX + ½TEUE-DL-RX + ½TERx-Tx-Granularity - TESFN-to-AI,
In the table below the time synchronization accuracy with Option 2 is used for PD estimation:
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	PD compensation (Option 2)
	137ns
	137ns
	204ns
	204ns



It is observed that the achieved accuracy with Option 2, with received time detection errors similar to the other studied PD estimation options, is far within the Uu accuracy budget for both scenarios considered and both 15 and 30 kHz SCS. It should, however, be noticed that the discussed issues in Section 2 on how to align assumptions and compare PD estimation options after waking up from DRX is not addressed in this evaluation and is left for RAN1 to discuss further. The performance evaluation here assumes that an entire RTT (without relying on the initial uplink transmission) is carried out after the UE wakes up from DRX.  
Observation 12: PD estimation Option 2 is sufficiently accurate for all scenarios and SCS with the same received detection accuracies as used for timing advance options under the assumption of having updated Rx-Tx measurements available. The effect of waking up from DRX (as raised in Sec. 2) needs further considerations. 

DL PD estimation option with no PD compensation
For comparison of the benefits of PD compensation, the option where no PD compensation is utilized is also included here. In this case, the UE will not compensate the SFN timestamp with the PD estimation, which is therefore subject to the BS frame transmission timing error at the gNB, the DL Rx detection error at the UE and the propagation delay. In the considered control-to-control scenario, two UEs are involved and assuming that neither is using PD compensation, the accuracy per Uu interface is given by the maximum difference of propagation delay from each UE to their respective gNB (due to the propagation delay will only shift the SFN reception time forward in time for each UE). 
Figure 3 shows the Uu interface accuracy budget (provided by RAN2), the accuracy of Option 2 used for PD compensation as well as the accuracy of no PD compensation applied at the UEs. It is observed that PD compensation is only needed when the maximum PD between the two involved UEs is more than 240ns, corresponding to a radio path propagation delay difference of 72m (relative to the serving gNB). It also shows that Option 2 is only providing a better accuracy compared to not doing any PD compensation after a minimum radio path propagation delay difference of 100ns or equivalent to 33m between the UEs (relative to the serving gNB). 
Observation 13: PD compensation is only strictly needed for the control-to-control scenario with two Uu interfaces when the maximum PD between two UEs and their serving gNB is more than 240ns (or equivalent to 72m).
Observation 14: PD compensation Option 2 is only providing better time synchronization accuracy for the control-to-control scenario with two Uu interfaces when the maximum PD between two UEs and their serving gNB is larger than 100ns (or equivalent to 33m).


[bookmark: _Ref59357254]Figure 3. Uu interface accuracy for control-to-control (two Uu interfaces).
It is expected that scenarios where the maximum cell radius (needed to generate a maximum PD difference between two UEs) is larger than 72m will not be very common for a control-to-control scenario, and hence PD compensation options tailored for this scenario can be treated with low priority compared to PD compensation options for the smart grid scenario.

Summary
[bookmark: _Ref53165725]The achieved Uu interface time synchronization accuracy with the considered PD estimation techniques studied above are provided in Table 1. Accuracies which are within the accuracy budget provided by RAN2 is marked in Green and accuracies which are outside the budget is marked with Red.
[bookmark: _Ref59433877]Table 1. Uu interface time synchronization accuracy summary. 
	
	Control-to-control
	Smart grid

	
	15kHz
	30kHz
	15kHz
	30kHz

	Legacy timing advance (Release-15)
	458ns
	328ns
	525ns
	395ns

	Legacy timing advance (Release-16) incl. Timing Delta MAC CE
	336ns
	271ns
	403ns
	338ns

	PD compensation (Option 1a)
	328ns<X≤336ns
	263ns<X≤271ns
	395ns<X≤403ns
	330ns<X≤338ns

	PD compensation (Option 1b)
	133ns<X<336ns
	133ns<X<271ns
	200ns<X<403ns
	200ns<X<338ns

	PD compensation (Option 1c)
	328ns<X≤336ns
	263ns<X≤271ns
	395ns<X≤403ns
	330ns<X≤338ns

	PD compensation (Option 2)
	137ns
	137ns
	204ns
	204ns



First, it is observed that all PD estimation techniques used for PD compensation can be used to satisfy the accuracy budget for the smart grid scenario, for both 15 and 30 kHz SCS. It is also clear that PD compensation is strictly needed in this scenario. Legacy timing advance (Release-16) should be considered as the PD estimation option which requires the least standardization effort (can be used as is), this option should be the primary PD estimation technique considered forward.
When it comes to the control-to-control scenario, it is observed that PD compensation is only needed when the PD between the involved UEs exceed 240ns (equivalent to propagation delay over 72m), so RAN1 may consider PD estimation options for this scenario with low priority. For PD estimation techniques for the control-to-control scenario, RAN1 should consider either Option 2 or Option 1b with enhanced signaling granularity.
Proposal 14: If RAN1 finds that PD compensation is needed for the control-to-control scenario (two Uu interfaces involved), RAN1 should further evaluate the pros and cons of Option 2 and Option 1b as supplementary procedures to legacy timing advance. This includes RAN1 to ask RAN4 on the feasible enhancement of Te.

1. Conclusion
In this contribution, we discuss identified open issues on propagation delay compensation enhancements from RAN1#103e. From this discussion on the propagation delay compensation evaluation assumptions we have the following observations and proposals:
Proposal 1: errorBS,DL,TX (i.e. ±32.5 ns) is included in the equation for calculating the overall time synchronization for the control-to-control scenario 
Observation 1: For the smart-grid scenario, no TAE requirement is applicable to represent the BS frame transmit timing error. 
Proposal 2: Use ±100ns (Option 1) to represent the BS frame transmission timing error for the smart grid scenario.
Observation 2: The downlink frame detection error at the UE is present at all PD estimation options due to the reference point detection related to SFN boundary referred from referenceTimeInfo-r16. Improved accuracy of the DL frame detection error by using other DL RS such as PRS equally improves the performance of TA-based and RTT-based PDC methods. 

Proposal 3: 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, if downlink frame timing detection error needs to be considered separately.

Proposal 4: Agree on Option 1 in the Revised Proposal 3.4-1 from RAN1#103e moderator summary in R1-2009551:
· For the equation for calculating the overall time synchronization error use  to account for the downlink frame timing error for TA and RTT-based PD compensation methods.

Proposal 5: Assume equivalent downlink and uplink frame detection error assumptions at all considered PD options to ensure unbiased evaluation.  
Proposal 6: For a fair comparison between PD estimation Option 1 (TA) and Option 2 (RTT), alignment on when a PD estimation is acquired after DRX is required. RAN1 should ask RAN2 when a PD estimation can be assumed to be acquired after DRX, either:
· Option a. The UE utilize a PD estimation from its previous DRX awake period, as the UE needs a PD estimation immediately after waking up from DRX. A similar error related to using an old PD for PDC applies to all PD estimation options.
· Option b. The UE may acquire an up-to-date PD estimation after waking up from DRX. This implies that the gNB may signal an update timing advance value or complete a Rx-Tx measurement procedure.

Proposal 7: After having RAN2 feedback on the PD estimation assumptions after DRX, align the assumption across PD estimation Options 1 (TA) and 2 (RTT).  

Based on the discussions and evaluation of different propagation delay compensation methods we have the following observations and proposals:
Observation 3: For Option 1 schemes, using the Timing Delta MAC CE introduced in Release 16 for IAB may reduce the error from NTA granularity by 16 and 8 times for 15kHz and 30kHz SCS, respectively.
Proposal 8: RAN1 should use Release-16 as baseline for PD estimation accuracy enhancement evaluations, which includes the Timing Delta MAC CE introduced in Release 16 for IAB. 
Observation 4: Only a very minor enhancement is feasible with PD estimation Option 1a compared to legacy timing advance supplemented by the Timing Delta MAC CE introduced in Release 16 for IAB.
Proposal 9: Request feedback from RAN4 at least on the feasibility of assuming a smaller value than the current Te for UEs supporting accurate PDC and the use of accurate PDC assuming the same definition of Te in the current RAN4 specification. 
Observation 5: Considering legacy timing advance (Release-16) or Option 1a, the benefits of Option 1c are limited as these options are mainly addressing the same error source (signaling granularity).
Proposal 10: Option 1c should not be considered due to limited benefit compared to Option 1a and Option 1b, as well as due to potentially high specification effort including RAN3 impact. 
Proposal 11: If RAN1 decides to continue evaluation Option 2 (Rx-Tx based PD estimation), RAN1 should leave the signaling framework for RAN2 and further study the following issues:
· Whether the same DL detection accuracy assumed for Option 1 (TA) should be assumed for the purpose of PD option comparison with Option 2 (RTT).
· Whether DL reference signals other than PRS could be used, such as CSI-RS. 
· What the Rx-Tx measurement report should contain.

Observation 6: Option 2 can be entirely overhead if legacy timing advance is already sufficiently accurate.
Observation 8: Option 1 using legacy timing advance supplemented by Release-16 Timing Delta MAC CE is sufficient for the smart grid scenario and the control-to-control use case with 30kHz SCS, but not for 15kHz SCS.
Proposal 12: Support legacy timing advance (Release-16) for propagation delay estimation, as it is sufficiently accurate, adds no additional overhead and requires no enhancements to handle at least the smart grid scenario. RAN1 should inform RAN2 that this option is preferred as one of the support PD estimation options. 
Observation 9: Only a very minor (≤±16ns) enhancement is feasible with PD estimation Option 1a compared to legacy timing advance supplemented by the Release-16 Timing Delta MAC CE.
Observation 10: Option 1b may be used to satisfy the accuracy of the control-to-control scenario with 15kHz SCS with enhanced Te by at least 122ns.
Proposal 13: RAN1 should ask RAN4 for the feasibility of enhancing Te by at least 122ns.
Observation 11: Option 1c has similar performance as Option 1a.
Observation 12: PD estimation Option 2 is sufficiently accurate for all scenarios and SCS with the same received detection accuracies as used for timing advance options under the assumption of having updated Rx-Tx measurements available. The effect of waking up from DRX (as raised in Sec. 2) needs further considerations. 
Observation 13: PD compensation is only strictly needed for the control-to-control scenario with two Uu interfaces when the maximum PD between two UEs and their serving gNB is more than 240ns (or equivalent to 72m).
Observation 14: PD compensation Option 2 is only providing better time synchronization accuracy for the control-to-control scenario with two Uu interfaces when the maximum PD between two UEs and their serving gNB is larger than 100ns (or equivalent to 33m).
Proposal 14: If RAN1 finds that PD compensation is needed for the control-to-control scenario (two Uu interfaces involved), RAN1 should further evaluate the pros and cons of Option 2 and Option 1b as supplementary procedures to legacy timing advance. This includes RAN1 to ask RAN4 on the feasible enhancement of Te.
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Appendix A1 – Error source assumptions
Table A1. Error source assumptions
	Error component
	Notation from [1]
	15kHz SCS
	30kHz SCS

	TETe
	Te
	±391ns
	±260ns

	TETA-C
	errorTA_indication
	±260ns
	±130ns

	TETD
	
	[bookmark: _Hlk59436067]±16ns
	±16ns

	TEgNB-UL-RX
	errorBS,UL,RX
	±100ns

	TEUE-DL-RX
	errorUE,DL-RX
	±100ns

	TERx-Tx-Granularity
	
	±8ns

	TESFN-to-AI 
	errorBS,DL,TX
	±32.5ns for control-to-control scenario
±100ns for smart grid scenario



Appendix A2 – Alternative error model notation
Legacy timing advance and Option 1a
errorUu-PD-Option-1a = ½errorUE,DL,RX - ½errorBS,UL,RX - ½Te - ½errorTA_indication - errorBS,DL,TX
Option 1c
errorUu-PD-Option-1a = ½errorUE,DL,RX - ½errorBS,UL,RX - ½Te - errorBS,DL,TX
Option 2
errorUu-PD-Option-2 = ½errorBS,UL,RX + ½errorUE,DL,RX + ½errorRx_Tx_Granularity - errorBS,DL,TX

Appendix A3 – Agreements from previous 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

[bookmark: _GoBack]Draft LS (in v008) (R1-2102224) is approved. Final LS in R1-2102245
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