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Introduction
In RAN#88e, the WID of “Enhanced Industrial Internet of Things (IoT) and ultra-reliable and low latency communication (URLLC) support for NR” was revised with following objectives [1]:
1. Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering 
· UE feedback enhancements for HARQ-ACK [RAN1]
· CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI 
2. [bookmark: _Hlk26864288]Uplink enhancements for URLLC in unlicensed controlled environments [RAN1, RAN2]:
a.  Specify support for UE-initiated COT for FBE with minimum specification effort
b.  Harmonizing UL configured-grant enhancements in NR-U and URLLC introduced in Rel-16 to be applicable for unlicensed spectrum
3. Intra-UE multiplexing and prioritization of traffic with different priority based on work done in Rel.16 [RAN1]:
a. Specify multiplexing behavior among HARQ-ACK/SR/CSI and PUSCH for traffic with different priorities, including the cases with UCI on PUCCH and UCI on PUSCH. 
b. Specify PHY prioritization of overlapping dynamic grant PUSCH and configured grant PUSCH of different PHY priorities on a BWP of a serving cell including the related cancelation behavior for the PUSCH of lower PHY priority, taking the solution developed during Rel-16 as the baseline 

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]
5. RAN enhancements based on new QoS related parameters if any, e.g. survival time, burst spread, decided in SA2. [RAN2, RAN3] 
In this contribution, we will focus on the fourth item to discuss enhancements for support of time synchronization.
Requirement for the propagation delay 
In SA1, clock synchronicity, or time synchronization precision, is defined between a sync master and a sync device. The requirement on the synchronicity budget for the 5G system is the time error contribution between ingress and egress of the 5G system on the path of clock synchronization messages.
The clock synchronization service level requirements are also defined in SA1[2]. In Rel-16, the 5GS synchronicity budget requirement is 1us. It is assumed that the propagation delay between gNB and UE is negligible because it is less than the target of inaccuracy of half of 1us. In fact, it is not a good assumption for macro cells considering the propagation delay is 1us already for 300m distance. 
A new SA1 requirement has been agreed in TSG-SA1 Meeting #90 in this May. The revised clock synchronization service performance requirements for 5G system is listed in table 2-1.
Table 2-1: Clock synchronization service performance requirements for 5G System
	User-specific clock synchronicity accuracy level 
	Number of devices in one Communication group for clock synchronisation
	[bookmark: _Hlk47475453]5GS synchronicity budget requirement 
(note)
	Service area 
	Scenario

	1
	Up to 300 UEs
	≤900 ns
	≤ 100 m x 100 m
	· Motion control
· Control-to-control communication for industrial controller

	2
	Up to 300 UEs
	≤900 ns
	≤ 1000 m x 100 m
	· Control-to-control communication for industrial controller

	3
	Up to 10 UEs
	< 10 µs
	≤ 2500 m2
	· High data rate video streaming

	3a
	Up to 100 UEs
	<1 µs
	≤10 km2
	· AVProd synchronisation  and packet timing

	4
	Up to 100 UEs
	<1  µs
	< 20 km2
	· Smart Grid: synchronicity between PMUs

	5
	Up to 10 UEs
	< 50 µs
	400 km
	· Telesurgery and telediagnosis

	NOTE:	The clock synchronicity requirement refers to the clock synchronicity budget for the 5G system, as described in Clause 5.6.1.



From the table, it is easy to see that the synchronicity budget for the 5G system within a working clock domain shall not exceed 900 ns. The synchronicity budget for the 5G system is also applicable when the flow of clock synchronization messages traverses the air interface twice. Therefore, the synchronicity budget between Uu interface is 450ns which is half of 900ns. 
[bookmark: _Hlk53741799]In RAN1#102e meeting, it was agreed that use cases 2 and 4 in the table 2-1 are taken as the representative use cases for further study on propagation delay compensation enhancements in Rel-17. At the same time, it is also agreed that for 5GS synchronicity budget requirement, one Uu interface is assumed for smart grid while two Uu interfaces are assumed for control-to-control. This implies that the synchronicity budget requirement is less than 1us for smart grid and not larger than 450ns for control to control. 
[bookmark: _Hlk53478866][bookmark: _Hlk23927392]Compensation for propagation delay 
In RAN1#102e meeting, we got the following agreements.
Agreements:
The following options for propagation delay compensation are further studied in RAN1  
· Option 1: TA-based propagation delay compensation
· 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 propagation 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). 
[bookmark: _Hlk53743874]
As mentioned above, the accuracy of TA based propagation delay compensation can be improved by various methods (option 1a, 1b, and 1c). However, We do not prefer redesigning the legacy TA mechanism (either from granularity only point of view like option 1a or from a broader point of view like option 1b) for two reasons: 1. Reworking legacy TA in the standards is not preferable since this is a stable timing loop. 2. Even with enhanced granularity, TA is still affected by the gNB implementation UL-DL alignment accuracy (No standard specification on the limit of this error). For example, FDD systems do not perfectly align the UL and DL frame and thus the PD measurement derived from this TA process would not converge to 0 (all other error sources discounted). We do not see a feasible method to mitigate this unspecified error without standardized gNB behavior, and thus we do not see much promise in option 1a and option 1b as proposed for control-to-control scenario. The proposal in option 1c is still not clear so it is hard to assess its applicability without further details. We prefer option 2 for further study as we think it is the most promising option in achieving the required accuracy. In the remaining part of the section, we will focus on the error analysis of legacy TA-based solution (option 1a without enhanced TA indication granularity) and RTT based propagation delay compensation (option 2). 
Error analysis for compensation for propagation delay
The inaccuracy on downlink/uplink frame timing alignment is caused by the following factors.
· Time alignment error at the gNB transmitter
· Error related to UE timing
· Time error at the gNB detection/reception
· Indicating error
· Error due to TA adjustment accuracy
Time alignment error at the gNB transmitter
The accuracy of BS timing  is mainly impacted by two factors. One is the frame timing accuracy of the BS transmitter and another is the indicating error associated with the indicating granularity of . 
Requirement of time alignment error at the gNB transmitter is specified in TS38.104 [3]. This requirement applies to frame timing in TX diversity, MIMO transmission, carrier aggregation and their combinations. Also in RAN1#102e meeting, it suggested to consider the following three options for BS transmit timing error: Option 1: 65 ns; Option 2: ±130ns for the indoor scenario and ±200ns for the smart grid scenario; Option 3: 82.5 ns. For the synchronization, it can be assumed that timing error at the gNB transmitter is not more than 65 ns which is the strictest requirement.
The indicating granularity of is ±5ns and included in the TR 38.825 [4]. Then the total error of  can be assumed as within +/-65ns


[bookmark: _Hlk53493441]Error related to UE timing
The downlink frame timing at the UE receiver represents the arrival time of the downlink signal and is obtained via detecting the downlink signal of the reference cell. The requirement of UE initial transmits timing error, denoted by Te, has been defined in TS 38.133 [5], and represents the uplink transmission timing error of UE in a DRX cycle for PUCCH, PUSCH, SRS, or PRACH transmission. It mainly includes the detecting error of downlink signal by the UE and includes the implementation error of the UE due to the internal processing jitter. Both factors have impact on the final timing accuracy between UE and gNB. So basically, Te can be considers as the upper bound of the error related to UE timing as the error related to UE will be much smaller during connected status.
for 15 kHz
for 60 kHz
For RTT based solution, it has the potential to achieve better accuracy than the TA based propagation delay compensation. According to [6], it indicates that Rx-Tx difference measurement inaccuracy at UE is of the order 50ns. So, the error related to UE timing will be much smaller than TA based propagation delay compensation. The exact value of  needs to wait for the conclusion of RAN4 analysis.
Time error at the gNB detection/reception
For TA based solution, BS decides the value of the TA for a certain UE by detecting the reference signal (e.g. SRS) sent by the UE (usually detect the first path of SRS), so the detecting error impacts the final accuracy of the time synchronization. In R1-1900935 the short-term error was studied using simulations. We use the timing errors from R1-1900935 which is ±100ns [7], and this value is also agreed in RAN1#102e meeting.
 for 15kHz
For RTT based solution, BS need to detect SRS arrival time (usually the detected first path in time). As the bandwidth of SRS for RTT based solution is much broader than TA based propagation delay compensation, so  will be much smaller than TA based solution. The exact value needs to wait for the conclusion of RAN4 analysis.
[bookmark: _Hlk53493959]Indicating error 
The indicating granularity of TA command causes additional error, which can be as large as half of the indicating granularity. The TA indicating granularity is  according to 38.213 [8]. According to RAN1#102e meeting, the indicating error can be assumed as .
 for 15kHz
 for 60kHz
For RTT based solution, according to [9], the granularity of RTT report is Tc*2n, n is configured (0 to 5). The range of granularity is about Tc to 32*Tc, 0.5ns to 16ns. The maximum indicating error will be ±8ns which can be ignored.
Error due to TA adjustment accuracy
In RAN1#102e meeting, it was agreed that timing advance adjustment accuracy defined in Table 7.3.2.2-1 in TS 38.133 is assumed for evaluation of the time synchronization.   
[image: ]
The uncertainty due to “Timing Advance adjustment accuracy” performed by a UE will be
 for 15kHz
 for 60kHz
Total error comparison between TA and RTT based solution
 TA based propagation delay compensation
It is a nature way to use TA (Timing Advance) in a TA command to compensate for the time delay caused by propagation. By this, UEs can estimate the propagation delay from the gNB. For example, if the applied TA value is TA, then the propagation delay equals TA/2. If the TA accuracy is high enough, the time delay caused by propagation can be compensated by the UE by using the TA value in principle. 
The time clock of UE is equal to the received time clock of gNB plus the downlink propagation delay

After we do propagation delay compensation, we have 







The total error is 

 Error related to TA estimation
Since the downlink propagation delay  is gotten from the following equation sets:

Assuming , the downlink propagation delay  is calculated as:




Then the error of the downlink propagation delay  is:

As shown in the Figure 1, the error of 1st TA estimation is calculated as

The error of regular TA estimation is

 [image: ]
Figure 1: Total error of TA based propagation delay compensation
Total error of TA based propagation delay compensation
Based on above section, the total error with 1st TA estimation is

The total error with regular TA estimation is 
 
As stated in section 3.1.2, 
[bookmark: _Hlk53558315]                                   
The total error of TA based propagation delay compensation can be further expressed as
 RTT based propagation delay compensation
The RTT procedure and error analysis is 
· gNB wants to transmit signal at t1. In fact, the DL signal is transmitted at t1 due to gNB transmitting time error ()
· After DL propagation, the DL signal arrives to the UE at t2, a, where t2, a - t1, a is the DL propagation delay. Due to DL synchronization error (), the UE detects that the DL signal is received at t2 
· When the UE performs UL signal transmission, the UE wants to transmit signal at t3, the UL signal is transmitted at t3, a due to UE transmitting time error ()  
· After UL propagation, the UL signals arrives to the gNB at t4, a, where t4, a - t3, a is the UL propagation delay. gNB detect the signal at t4 due to UL synchronization error () 
 [image: ]
Figure 2: Total error of RTT based propagation delay compensation
The theoretical RTT will be:

The actual RTT will be:
                                                   
                                                                    
                                                                    
The total error of RTT based propagation delay compensation is 

 Comparison between TA and RTT based propagation delay compensation

	Error component
	TA based solution
	RTT based solution

	
	±70 ns

	
	
	≤ ±391 ns
	 ±391 ns[1]

	
	
	
	

	
	±130 ns
	
	no need to consider

	
	±100 ns
	±100 ns

	
	±260 ns
	neglected

	
	±100 ns [2]

	
	±546 ns
	±381 ns

	Note: as mentioned in above section, the error components in RTT based solution will be much smaller than TA based solution; however, in order to compare the accuracy of these two methods, we apply the same value for RTT based solution 
[1] As mentioned above, the Rx-Tx difference measurement inaccuracy at UE is of order 50ns according to [6]. So the error related to UE timing () will be much smaller than TA based propagation delay compensation. The exact value of  needs to wait for the conclusion of RAN4 analysis.
[2] Several papers have proposed to capture a budget for a network related part of the 5GS E2E budget. For simplicity we can assume ±100ns for different use cases according to [10] and [11]. 


[bookmark: o1]Observation 1: For TA based propagation delay compensation, the inaccuracy of 15/30/60 kHz SCS after propagation delay compensation can fulfil the TSN clock synchronization requirements for smart grid scenario; however, it cannot fulfil the TSN clock synchronization requirements for control-to-control scenario.
As mentioned in RAN 102e meeting, three methods (option 1a,1b and 1c) have been proposed to improve the accuracy of TA based propagation delay compensation. However, We do not prefer redesigning the legacy TA system (either from granularity only point of view like option 1a or from a broader point of view like option 1b) for two reasons: 
1. Reworking legacy TA in the standards is not preferable since this is a timing loop that has been used since Rel-15 and changing the behavior of the timing loop will require development of test cases/requirements for such a fundamental procedure as timing. 
2. Even with enhanced granularity, TA is still affected by the gNB implementation of UL-DL alignment accuracy (No standard specification on the limit of this error is currently available). For example, FDD systems do not perfectly align the UL and DL frame and thus the PD measurement derived from this TA process would not converge to 0 (all other error sources discounted). We do not see a feasible method to mitigate this unspecified error without standardized gNB behavior, and thus we do not see much promise in option 1a and option 1b as proposed for control-to-control scenario. 
The proposal in option 1c is still not clear so it is hard to assess its applicability without further details about the definition of 1c.  
[bookmark: p1][bookmark: _Hlk53744394]Proposal 1: TA based propagation delay compensation is not considered for enhancement for propagation delay compensation.
RTT based solution has been already presented in Rel-16 for NR positioning. The solution is for the gNB to aid the UE in performing propagation delay compensation by measuring and informing the UE of the propagation delay currently experienced (or measurements to aid the UE in calculating the propagation delay). It is efficient to utilize the existing techniques defined in NR/LTE for measuring propagation delay for the purposes of high-accuracy positioning to perform propagation delay compensation at the UE.  In fact, we do not need to reuse the whole positioning architecture such as positioning servers, LMF, multi-cell RTT etc., as that would be unnecessarily complex for the IIoT setting. What we want is just to adopt the techniques used in positioning to measure propagation delay for propagation delay compensation. The detailed scheme can be founded in our RAN2 contribution [12].
[bookmark: p2]Proposal 2: RTT based propagation delay compensation (option 2) is good candidate for propagation delay compensation. 
Conclusions
In this contribution, we discuss enhancements for support of time synchronization.  We have the following proposal:
Observation 1: For TA based propagation delay compensation, the inaccuracy of 15/30/60 kHz SCS after propagation delay compensation can fulfil the TSN clock synchronization requirements for smart grid scenario; however, it cannot fulfil the TSN clock synchronization requirements for control-to-control scenario.
Proposal 1: TA based propagation delay compensation is not considered for enhancement for propagation delay compensation.
Proposal 2: RTT based propagation delay compensation (option 2) is good candidate for propagation delay compensation. 
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