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Introduction
[bookmark: _Hlk510705081]During RAN1#102e an email discussion on propagation delay compensation enhancements was conducted. The  summary of the discussion and the agreements can be found in R1-2007068, with the agreements copied in below:
	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 synchronisation
	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:
· ±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. 


This contribution continues the discussion on propagation delay compensation enhancements and addresses the following open points identified during the email discussion: 
· Whether asymmetry should be considered for the smart grid scenario and what values should be assumed.
· Whether the initial transmission error requirement and the timing advance adjustment error can be used simultaneously.
· Whether TAE can represent the BS transmit frame timing error in both considered scenarios.
Additionally, to discussing the above open points, we derive an error model for propagation delay estimation based on Option 2, update the error model for propagation delay estimation based on Option 1a and evaluate the performance of these two options against the provided Uu interface accuracy budgets provided by RAN2.
Discussion identified open points from RAN1#102e
Whether asymmetry should be considered for the smart grid scenario.
In case of FDD, there could be a difference in the estimated propagation delay between UL and DL due to multipath fading. To be more specific, the earliest received path in the DL identified by the UE receiver and the earliest received path in UL identified by the gNB may not be the same due to f-selective fading over the FDD duplex distance. 
When considering asymmetry, one would need to consider that it is not necessary that the propagation delay itself is different, but just the ability of the UE & gNB receiver to identify the earliest path is impacted by small-scale fading. Therefore, it will not be easily possible to put this as a separate error source because this is also accounted for in the UE reception timing estimation error as well as the gNB UL reception timing estimation error, which is largely impacted by actual channel fading. 
Therefore, we don’t think this error needs to be explicitly included in the RAN1 evaluations at this point of the evaluations as it is to a large extend taken into account already in the detection inaccuracies. 
Proposal 1: Do not include a separate asymmetry time synchronization error component for the smart grid use case. Asymmetry caused by small scale fading is already captured in UL and DL detection inaccuracy.

Whether the initial transmission error requirement and the timing advance adjustment error can be used simultaneously.
In [1] it was discussed whether TA adjustment error (sometimes denoted TA-err or TA-adj) and the UE initial timing error (Te) should both be considered. It is agreed to apply both Te and TA-err in the analysis, but it should be clarified if such case where both should be includes exists. Below is a copy of the text related to both Te and TA-err from 38.133. 
	[bookmark: _Toc535475937]7.1.2	Requirements
The UE initial transmission timing error shall be less than or equal to ±Te where the timing error limit value Te is specified in Table 7.1.2-1. This requirement applies:
-	when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission.
The UE shall meet the Te requirement for an initial transmission provided that at least one SSB is available at the UE during the last 160 ms. The reference point for the UE initial transmit timing control requirement shall be the downlink timing of the reference cell minus [image: ]. The downlink timing is defined as the time when the first detected path (in time) of the corresponding downlink frame is received from the reference cell. NTA for PRACH is defined as 0.
[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. NTA for other channels is not changed until next timing advance is received. The value of[image: ]depends on the duplex mode of the cell in which the uplink transmission takes place and the frequency range (FR). [image: ]is defined in Table 7.1.2-2.
Table 7.1.2-1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals (KHz)
	SCS of uplink signals s(KHz)
	Te

	1
	15
	15
	12*64*Tc

	
	
	30
	10*64*Tc

	
	
	60
	10*64*Tc

	
	30
	15
	8*64*Tc

	
	
	30
	8*64*Tc

	
	
	60
	7*64*Tc

	2
	120
	60
	3.5*64*Tc

	
	
	120
	3.5*64*Tc

	
	240
	60
	3*64*Tc

	
	
	120
	3*64*Tc

	Note 1:	Tc is the basic timing unit defined in TS 38.211 [6]


…
7.3.2.2	Timing Advance adjustment accuracy
The UE shall adjust the timing of its transmissions with a relative accuracy better than or equal to the UE Timing Advance adjustment accuracy requirement in Table 7.3.2.2-1, to the signalled timing advance value compared to the timing of preceding uplink transmission. The timing advance command step is defined in TS 38.213 [3].
Table 7.3.2.2-1: UE Timing Advance adjustment accuracy
	UL Sub Carrier Spacing, SCS kHz
	15
	30
	60
	120

	UE Timing Advance adjustment accuracy
	±256 Tc
	±256 Tc
	±128 Tc
	±32 Tc






Our understanding of Te is that this applies only for the first transmission in a DRX cycle, i.e. the UE has been sleeping and has just returned to the active state. This means that the UE has not received a TA command in this DRX cycle yet to compensate for a potential change of PD during the sleeping state, since the last TA command update. The UE must maintain its uplink transmission timing, relative to the latest DL received timing reference (an SSB available within the last 160ms) within Te. TA adjustment accuracy (TA-err) applies when the UE has received a TA command, and hence the two timing error requirements; TA-err and Te should not be applied simultaneously in our analysis. 
Proposal 2: Timing advance adjustment accuracy error component and the initial timing error component Te is not to be considered in the same timing accuracy case study. 

Whether “TAE” can represent the BS transmit frame timing error.
[bookmark: _GoBack]In RAN1#102e it has been agreed to consider three options on how to represent the BS transmit frame timing error which is intending to capture the timing error between the SFN timestamp in referenceTimeInfo which is captured at the gNB-DU [38.470 section 5.2.2] and the frame timing at the air interface.
Based on TS 38.104 and [2], TAE represents the relative maximum timing error between any two antenna ports, involved in the feature TAE applies to. Figure 1 illustrate timing error definitions from the eCPRI FH specification requirements and illustrates that TAE can apply between two radio equipment or radio units. As we seek a, per Uu interface error, the TAE timing requirement would have to be translated to apply for a single gNB transmit chain. 
[image: ]
[bookmark: _Ref51660322]Figure 1. Illustration of TAE in a eCPRI transport network. Figure 7 in [2]
When the TAE requirement applies between antenna-ports connected to different radio equipment entities, TAE is the relative error between them by including the relative error introduced by the fronthaul network (to the last common reference). It is our understanding a TAE of <65ns should apply for the control-to-control use case and as this can apply between two radio equipment entities connected to the same gNB-DU, this requirement is divided equally for each radio equipment entity, i.e. 65ns/2=32.5ns can be used to represent the SFN timestamp to radio equipment entity air interface timing, for the control-to-control use case.
Proposal 3: For the control-to-control use case, use ±32.5ns as the BS frame transmit timing error.
For the smart grid use case, however, no TAE requirement can be directly applied (as also argued in [3]). 
Observation 1: For the smart-grid use case, no TAE requirement is applicable to represent the BS frame transmit timing error. 
Instead we have to rely on estimations of the BS frame transmit timing error. Here, we assume that a GNSS receiver is located at a gNB-DU, which introduces a relative error at the gNB-DU which is captured by RAN2. It is our preference to leave room to support longer distanced between a gNB-DU and the deployed radio equipment entities, so we propose to assume an BS transmit frame timing error between ±100ns and ±200ns. 
Proposal 4: For the smart-grid use case, the BS frame transmit timing error is somewhere between 100ns and 200ns.
We note that RAN2 has provided a Uu interface time synchronization accuracy, derived from the 5GS E2E requirement substracting 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. It is our interpretation, that RAN2 has captured the error from a 5G GM (PRTC from Figure 1) to a gNB-DU or to a radio equipment entity connected to a gNB-DU, but have not captured the error between a radio equipment entity and the gNB-DU, which will cause a mismatch between the transmitted frame timing on the air interface and the SFN timestamp captured at the gNB-DU. 
Observation 2: The budget provided by RAN2 does not capture the error between an SFN timestamp and the actual air interface frame timing.
Uu interface timing accuracy evaluation
Aligned with the discussion in RAN2 (summarized in R2-2009755), we consider three difference scenarios for the evaluation;
· Scenario 1: Control-to-control communication use case, where TSC devices behind a target UE are synchronized to any TD, from a GM behind the CN. The 5GS introduced error is caused by the relative time-stamping inaccuracy at the NW-TT and the DS-TTs.
· Scenario 2: Control-to-control communication use case, where TSC devices behind a target UE are synchronized to any TD, from a GM behind the UE. The 5GS introduced error is caused by the relative time-stamping inaccuracies at the involved DS-TTs.
· Scenario 3: Smart grid use case, where the TSC devices behind a target UE are synchronized to the 5G GM TD. The 5GS introduced error is caused by the synchronization of the 5G clock to the DS-TT.
The evaluation will focus on the RAN1 focus on the Uu interface of the three scenarios with and without PD estimation by either Option 1 (timing advance) or Option 2 (Rx-Tx). Both 15kHz and 30 kHz SCS are considered. The models derived in this section assume that the time synchronization error caused by the SFN timestamp quantization is already captured in the Uu interface budgets provided by RAN2 in the draft LS reply to RAN1 in R2-2009756. In the draft LS, RAN2 provides the following Uu interface time synchronization budgets per Uu interface; ±595 to ±685ns for Scenario 1, ±145 to ±235ns for Scenario 2 and ±795 to ±845ns for Scenario 3. The section will conclude with a comparison of the achieved Uu interfaces time synchronization accuracy against the provided budgets from RAN2.

Updated timing accuracy model without PD compensation
In the analysis on the Uu interface time synchronization accuracy, we include the option of not conducting propagation delay compensation, both for completeness and to identify when PD compensation provides a time synchronization accuracy enhancement. The timing accuracy when PD compensation is not conducted is given by the UEs detection accuracy of the DL reference signal, the propagation delay and mismatch to the actual frame timing at the air interface. The error introduced by the SFN timestamp granularity has been omitted as it is assumed that this is accounted for in RAN2. The expression of the Uu interface error, when a single Uu interface is involved (Scenario 1 and 3) then becomes

TEUu-Not-PD-Compensated = TEUE-DL-RX + dPD-DL + TESFN-to-AI ,

where TEUE-DL-RX is the UE DL CIR peak detection accuracy, dPD-DL is the downlink propagation delay, TESFN-to-AI is the error between the SFN timestamp in referenceTimeInfo-r16 IE and the actual air interface frame timing at the gNB.

When two Uu interfaces involved (Scenario 2), the time accuracy measurement points are at either UE, and when PD compensation is not applied, the propagation delay will be present as a strictly positive timing offset to either UEs, causing timing error at each UE to be correlated. In general, we can write the timing error between two UEs as

TE2Uu-Not-PD-Compensated = |tUE0 – tUE1| = | (tgNB0 + TEUE0-DL-RX + dPD-DL-gNB0-UE0 + TEgNB0-SFN-to-AI) - (tgNB1 + TEUE1-DL-RX + dPD-DL-gNB1-UE1 + TEgNB1-SFN-to-AI) |,
where, tUEx represents the instantaneous air interface frame timing at UEx, tgNBx represents the instantaneous frame timing at the air interface at gNBx, TEUE1-DL-RX is the DL CIR peak detection inaccuracy at the UE of the DL reference signal and dPD-DL-gNBx-UEx is the DL propagation delay from gNBx to UEx.
We can further simplify the expression when TEgNB1-SFN-to-AI = TEgNB0-SFN-to-AI, to 
[bookmark: _Hlk53395700]TE2Uu-Not-PD-Compensated = |(TEUE0-DL-RX - TEUE1-DL-RX ) + (dPD-DL-gNB0-UE0 - dPD-DL-gNB1-UE1) + 2TESFN-to-AI | , 
Which includes two Uu interfaces, in the evaluation, the accuracy per Uu interface is derived simply as 
TEUu-Not-PD-Compensated = TE2Uu-Not-PD-Compensated / 2 .
Updated timing accuracy model of PD estimation based on Timing Advance (Option 1a).
According to the agreement from RAN1#102e, the maximum initial transmit timing error is to be used for RAN1 evaluations and hence we update our model. As discussed earlier, when we assume that Te is applicable, the error from adjusting the timing advance (TA-err) at the UE does not apply (as it is already included in Te). The timing advance model from [3], applicable when one Uu interface is involved (Scenario 1 and 3) is therefore update to
[bookmark: _Hlk53145192]TEUu-PD-Compensated-TA = ½TEUE-DL-RX + ½(dPD-DL - dPD-UL) - ½TEgNB-UL-RX - ½TETe - ½ TETA-C - TESFN-to-AI,
where TEgNB-UL-RX is the gNB UL CIR peak detection accuracy, ½(dPD-DL - dPD-UL) represents the potential difference in propagation delay in UL and DL, TETe is the maximum initial transmit timing error and TETA-C is the timing error caused by the granularity of the timing advance command.
When two Uu interfaces is involved, each Uu interface are not influencing the other, i.e. the error introduced by PD estimation and compensation procedure are not correlated. Therefore, we may express the total Uu interface accuracy when two Uu interfaces are involved (Scenario 2) as
TE2Uu-PD-Compensated-TA = 2TEUu-PD-Compensated-TA .
Error model for Option - Rx-Tx based PD estimation (Option 2)
The idea of the Rx-Tx based PD estimation method is to rely on Rx-Tx measurements at both the gNB and the UE, and then by combining these measurements, an RTT estimation can be calculated. In this way, the procedure gives an instantaneous RTT estimation. 
Let’s start with the errors introduced at the air interface to an Rx-Tx measurement. The Rx-Tx measurement records the time from receiving a reference signal until transmission of a corresponding (by configuration) reference signal. Both the UE and the gNB are conducting such measurement. The accuracy of the received signal time at the receiver is subject to the detection inaccuracy caused by the finite bandwidth and the effects of short term fading. The transmitted signal time is recorded at the transmitter, where the accuracy of the Tx timestamp depends on the relative location of the timestamp recording compared to the transmit time at the air interface. In this analysis we assume that Tx timestamp error is negligible.
Then let’s assume that the Rx-Tx measurement is delivered from only one entity (e.g. gNB) to the other entity (e.g. UE), where the opposite Rx-Tx measurement is kept locally at the other entity. In this case we assume only the Rx-Tx measurement delivered to the other entity is subject to quantization. 
With an RTT estimation, we estimate the DL PD by RTT/2, and compensate the SFN boundary timing reference and hence the absolute timestamp provided by referenceTimeInfo-r16 IE. The SFN boundary tracking accuracy is similar as to other techniques for estimating the PD, as the SFN offset from the referenceTimeInfo timestamp is to be included in the RAN inaccuracy. Assuming that the Rx and Tx timestamps are executed close to the antenna ports, the single Uu interface time synchronization error after an Rx-Tx based PD estimation and compensation can be expressed as 
TEUu-PD-Compensated-RxTx = ½TEgNB-UL-RX - ½TEUE-UL-TX + ½TEUE-DL-RX - ½TEgNB-DL-TX + ½TERx-Tx-Granularity - TESFN-to-AI, 
where TEUE-UL-TX is the UE UL TX timestamp accuracy compared to the actual air interface transmission time, TEgNB-DL-TX is the gNB DL TX timestamp accuracy compared to the actual air interface transmission time and TERx-Tx-Granularity is the signalling granularity error when signalling the Rx-Tx measurement. We adapt the signalling granularities from the existing Rx-Tx measurement report (provided in R4-2005841) which is at minimum 0.5ns to maximum 16ns, resulting in a rounding error of ±0.25 to ±8ns depending on configuration.
Similar as when TA is used for PD estimation, we assume that when two Uu interfaces are involved, these are not influence each other. We may therefore write the total Uu interface accuracy when two Uu interfaces are involved (Scenario 2) as  
TE2Uu-PD-Compensated-RxTx = 2TEUu-PD-Compensated-RxTx .

Uu interface performance evaluation 
[bookmark: _Ref53165725]The Uu interface performance evaluation is conducted for each scenario considering 15 and 30 kHz SCS without PD compensation, with PD compensation using Option 1a (legacy TA) and with Option 2 (Rx-Tx). The assumed error source values is shown in Table A1. Table 1 shows the achieved Uu interface time synchronization accuracy, and marks with green or red if they satisfy RAN2 provided Uu budget. 
Table 1. Uu interface time synchronization accuracy summary. Green values are within the Uu interface budget, red values marks options that are not within the budget.
	
	Scenario 1
	Scenario 2
	Scenario 3

	
	15kHz
	30kHz
	15kHz
	30kHz
	15kHz
	30kHz

	No PD compensation
	493ns
	363ns
	393ns
	263ns
	4360ns
	4230ns

	PD compensation (option 1a)
	538ns
	343ns
	538ns
	343ns
	606ns
	410ns

	PD compensation (Option 2)
	217ns
	152ns
	217ns
	152ns
	284ns
	219ns



First of all, we observe that both with and without PD compensation based on either Option 1a or 2 and with both 15 kHz and 30 kHz SCS, provides Uu interface accuracies within the provided budget. For Scenario 3, we observe that both PD estimation option 1a and 2 provide accuracies which are within the accuracy budget. 
Observation 3: Propagation delay estimation Option 1a and 2 is capable of providing a Uu interface time synchronization accuracy within the provided Uu interface budget from RAN2 for Scenario 1 and 3. 
It is also observed that none of the evaluated combinations is capable of satisfying the Uu interface accuracy budget for Scenario 2. We observe that the best accuracy is achieved when PD compensation Option 2 is used, and is followed by the case where no PD compensation is used. In order for Option 1 to provide sufficient accuracy in this scenario, enhancements would be required. For UEs with similar PD, it can be shown that PD compensation would be in principle not needed, but with rather different PD of the UEs PD compensation is mandatory. 
Observation 4: Propagation delay estimation Option 2 is the only option capable of meeting the Uu interface time synchronization accuracy for Scenario 2.
Option 1a has the clear advantage over Option 2, that it requires no RAN1 or RAN4 specification effort as it relies completely on the legacy timing advance procedure. Option 2 on the other hand, requires RAN1 effort in specifying suitable reference signals in UL and DL, as well as specifying the required signalling of the Rx-Tx measurement, and possible RAN4 requirements for the functionality. From this perspective, we should support Option 2, but consider it as a supplementary procedure to Option 1a, which can be used when the enhanced accuracy is needed. 
Proposal 5: Support both TA-based (Option 1a) and Rx-Tx based (Option 2) PD estimation techniques.

Conclusion
In this contribution, we discuss identified open issues on propagation delay compensation enhancements from RAN1#101e. From this discussion on the propagation delay compensation evaluation assumptions we have the following observations and proposals:
Proposal 1: Do not include a separate asymmetry time synchronization error component for the smart grid use case. Asymmetry caused by small scale fading is already captured in UL and DL detection inaccuracy.
Proposal 2: Timing advance adjustment accuracy error component and the initial timing error component Te is not to be considered in the same timing accuracy case study. 
Proposal 3: For the control-to-control use case, use ±32.5ns as the BS frame transmit timing error.
Observation 1: For the smart-grid use case, no TAE requirement is applicable to represent the BS frame transmit timing error. 
Proposal 4: For the smart-grid use case, the BS frame transmit timing error is somewhere between 100ns and 200ns.
Observation 2: The budget provided by RAN2 does not capture the error between an SFN timestamp and the actual air interface frame timing.
Then, based on the discussion and the agreements from RAN1#101e we present a comparison of propagation delay compensation Option 1a (legacy timing advance) and Option 2 (Rx-Tx measurement based), and compare the achieved time synchronization performance of the Uu interface with the provided Uu interface budgets provided by RAN2. Based on this evaluation of propagation delay compensation methods we have the following observations and proposals:
Observation 3: Propagation delay estimation Option 1a and 2 is capable of providing a Uu interface time synchronization accuracy within the provided Uu interface budget from RAN2 for Scenario 1 and 3. 
Observation 4: Propagation delay estimation Option 2 is the only option capable of meeting the Uu interface time synchronization accuracy for Scenario 2.
Proposal 5: Support both TA-based (Option 1a) and Rx-Tx based (Option 2) PD estimation techniques.
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Appendix – Error source assumptions
Table A1. Error source assumptions
	
	15kHz SCS
	30kHz SCS

	dPD-DL
	200ns for control-to-control
4000ns for smart grid

	dPD-DL - dPD-UL
	0ns (captured in TEUE-DL-RX and TEgNB-UL-RX)

	TETe
	±391ns
	±260ns

	TETA-C
	±260ns
	±130ns

	TEgNB-UL-RX
	±100ns

	TEUE-UL-TX
	±0ns

	TEUE-DL-RX
	±260ns
	±130ns

	TEgNB-DL-TX
	±0ns

	TERx-Tx-Granularity
	±8ns

	dPD-DL-gNB0-UE0 - dPD-DL-gNB1-UE1
	dPD-DL 
(corresponding to the worst case as dPD-DL-gNB0-UE0 = 200ns and dPD-DL-gNB1-UE1 = 0ns)

	TEUE0-DL-RX - TEUE1-DL-RX 
	2xTEUE-DL-RX
(independence assumption, corresponding to the worst case)

	TESFN-to-AI
	±32,5ns for Scenario 1 and 2 (control-to-control use case)
±100ns for Scenario 3 (smart grid use case)
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