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In Rel-16, some issues on time sensitive network (TSN), such as latency, reliability and synchronization accuracy, have been discussed. In Rel-17, a new WID with an objective to enhance the propagation delay compensation was approved to support the new requirements on clock synchronization for TSN proposed by SA [1][2]. 
	1. 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]


In this contribution, some physical layer issues for support of time synchronization are discussed.
Discussion
The progress on propagation delay compensation in Rel-16
In Rel-16, RAN1 has analyzed the time synchronization accuracy of Uu interface for two cases, i.e. synchronization accuracy with and without UE propagation delay compensation. The maximum timing synchronization error results with UE propagation delay compensation are summarized in Table 1 below [3].
Table 1 Summary of maximum timing synchronization error results with UE propagation delay compensation
	
	15kHz SCS
	30kHz SCS
	60kHz SCS

	Source
R1-1900156 
	488ns
	357.5ns
	276.5ns

	Source
R1-1901334 
	505ns
	371ns
	287.5ns

	Source
R1-1900935 
	472.5ns
	338.5ns
	

	Source
R1-1901252 
	536ns
	438ns
	357ns


The conclusion of the analysis is shown below [3].
	RAN1 has performed analysis on the achievable time synchronization accuracy over Uu interface. A timing synchronization error between a gNB and a UE no worse than 540ns is achievable based on the RAN1 agreed evaluation assumptions for Rel-15 NR with 15kHz SCS. It is RAN1´s conclusion, that the synchronization accuracy is improved when using higher SCS. For small service areas with dense small cell deployments a propagation delay compensation by the UE would not be required. The propagation delay compensation needs to be applied by the TSN UEs for larger service areas with more sparse cell deployments (e.g. for inter-site distances >200m the gNB-to-UE timing synchronization accuracy without propagation delay compensation may be worse than 1us).


In the analysis, the granularity and accuracy of the absolute timing information indicated by network are not considered. RAN2 has agreed that the reference timing information can be sent by SIB9 and dedicated RRC signaling with a granularity of 10ns [4]. For the accuracy of the absolute timing, it could be much less than 1us. For example, if the synchronization source is local on-site TSN GM clock, the timing error between TSN GM clock and gNB can be negligible [3]. Therefore, in order to meet the clock synchronization requirement (less than 1us), propagation delay compensation is necessary for larger service areas (ISD>200m) as indicated in the RAN1 conclusion. 
For propagation delay compensation, there are basically two methods in RAN2 discussion. One is UE-based method and the other is network-based method.
· UE-based method
Network indicates the absolute timing of the reference point to the UE. The UE performs propagation delay compensation when it receives the reference timing information, i.e. the received reference timing plus the propagation delay, which is the timing of reference point the UE receives. In this case, the reference timing information can be sent by both SIB9 and dedicated RRC signaling. It should be noted that UE-based propagation delay compensation is used in RAN1 analysis and the propagation delay is assumed to be half of TA indicated by the network. Therefore, the propagation delay may be affected by TA indication granularity.
· Network-based method
The propagation delay has already been considered in the reference timing indicated by the network. That is to say the reference timing indicated by the network is the absolute timing of the reference point plus propagation delay. The indicated reference timing is the timing that the UE receives the reference point. In this case, the reference timing information can be sent only by dedicated RRC signaling. Compared to UE-based method, network-based method can provide a more accurate performance for propagation delay compensation since it may not be affected by TA indication granularity.
In RAN2#109-e, it was agreed that propagation delay compensation is done by UE implementation since UE-based method can also provide an adequate accuracy in Rel-16 as shown in Table 1. 
Observation 1: Propagation delay compensation is performed by UE implementation in Rel-16.
New requirement in Rel-17
In Rel-17, some new requirements on clock synchronization are proposed by SA. Some of the requirements are captured below.
	The 5G system shall support networks with up to 128 working clock domains (with different synchronization domain identifiers / domain numbers), including for UEs connected through the 5G network.
NOTE 1:	The domain number (synchronization domain identifier) is defined with one octet in IEEE 802.1AS [22]. 
The 5G system shall be able to support up to four simultaneous synchronization domains on a UE. 
NOTE 1A:	The four synchronization domains are used, for example, as two synchronization domains for global time and two working clock domains. One pair of global time and working clock is used as redundant synchronization domains for zero failover time.
The synchronicity budget for the 5G system within the global time domain shall not exceed 900 ns .
NOTE 2:	The global time domain requires in general a precision of 1 µs between the sync master and any device of the clock domain. Some use cases require only a precision of ≤ 100 µs for the global time domain if a working clock domain with precision of ≤ 1 µs is available.
NOTE 3:	(void)
The synchronicity budget for the 5G system within a working clock domain shall not exceed 900 ns . 
NOTE 4: 	The working clock domains require a precision of ≤ 1 µs between the sync master and any device of the clock domain.
NOTE 5:	Different working clock domains are independent and can have different precision. 
NOTE 6:	The synchronicity budget for the 5G system is also applicable when the flow of clock synchronization messages traverses the air interface twice.
The 5G system shall provide a media dependent interface for one or multiple 802.1AS sync domains [22]. 
The 5G system shall provide an interface to the 5G sync domain which can be used by applications to derive their working clock domain or global time domain (Reference Clock Model).
The 5G system shall provide an interface at the UE to determine and to configure the precision and time scale of the working clock domain.
The 5G system shall be able to support arbitrary placement of sync master functionality and sync device functionality in integrated 5G / non-3GPP TSN networks.
The 5G system shall be able to support clock synchronization through the 5G network if the sync master and the sync devices are served by different UEs. (Flow of clock synchronization messages is in either direction, UL and DL.)


It can be shown that a time synchronization precision of ≤ 1 µs between the sync master and any device is required, where the sync master can be placed anywhere in the system. For example, the sync master can be a UE. The synchronicity budget for the 5G system within a working clock domain shall not exceed 900ns and the flow of clock synchronization messages traverses the air interface twice. It means that the synchronicity budget between a UE and the 5GC should not exceed 450ns, which includes the time error of Uu interface and other interfaces. For example, Ng interface between NG-RAN and 5GC. Based on the analysis in Rel-15, the maximum timing synchronization error with UE propagation delay compensation has already exceeded 450ns, which obviously cannot meet the new requirement in Rel-17. Therefore, the time accuracy of Uu interface should be improved. 
Observation 2: The time accuracy of Uu interface should be improved to meet the requirements in Rel-17.
Discussion on enhanced propagation delay compensation
As discussed above, the timing of reference point the UE receives is the reference timing indicated by the gNB plus the propagation delay. The propagation delay is assumed to be the half of TA of a UE. The accuracy of TA may affect the accuracy of Uu interface. There are some factors contributing to the TA error, including, 
e1. The gNB transmitting time error
e2. The DL synchronization error: synchronization error at the UE when the UE performs DL synchronization based on DL reference signal, e.g. SSB, which is defined in TS38.133
e3. The UL synchronization error: synchronization error at the gNB when gNB performs UL synchronization based on UL reference signal, e.g. SRS or PRACH
e4. TA indicator error: TA indicator error due to the granularity of TA
e5. TA adjustment error: the allowed error for TA adjustment, which is defined in TS38.133
e6. Unbalance between the DL and UL: the difference of propagation time between the DL and the UL due to different propagation path
In Rel-16, many companies provided their synchronization accuracy results of Uu interface. However, there was a little difference between these results due to the different calculation methods and assumptions. For example, a calculation method for time error some companies provided is e1+0.5*(e2+e3+e4+e5+e6) while another calculation method some other companies provided is 0.5*(e1+e2+e3+e4+e5+e6). It does not matter in Rel-16 since all the results show that the requirement can be meet. In Rel-17, the new requirement cannot be satisfied. Therefore, it should be better to achieve an aligned result on synchronization accuracy of Uu interface by aligning the calculation method and assumption before going further on the enhanced propagation delay compensation. Then we can get the exact gap between the current synchronization accuracy and the requirement.
Proposal 1: It's better to achieve an aligned result on synchronization accuracy of Uu interface by aligning the calculation method and assumption before going further on the enhanced propagation delay compensation.
In practice, these errors can be negative or positive. Figure 1 illustrates an example of maximum time error. 
· The gNB wants to transmit DL signal to the UE at t1. In fact, the DL signal is transmitted by the gNB at t2 due to the gNB transmitting time error (e1), where e1 is a negative error. It means that the gNB transmits the signal before the time that the gNB wants to transmits, i.e. t2 is before t1 as shown in Figure 1. 
· After DL propagation, the DL signal arrives to the UE at t3, where t3-t2 is the DL propagation delay. Due to DL synchronization error (e2), the UE detects that the DL signal is received at t4, where e2 is a negative error so that t4 is before t3 as shown in Figure 1. 
· When the UE performs UL signal transmission, the TA indicator error (e4) and TA adjustment error (e5) should be taken into account, which leads to the UE transmits UL signal at t6, where e4 and e5 are positive errors so that t6 is after t4 as shown in Figure 1. 
· After UL propagation, the UL signals arrives to the gNB at t8, where t8-t6 is the UL propagation delay. t8-t7 is the unbalance between the DL and UL (i.e. e6), which is a positive error so that t8 is after t7 as shown in Figure 1. t7 is the time that the UL signals arrives to the gNB if we assume UL propagation delay is equal to the DL propagation delay. 
· Due to UL synchronization error (e3), the gNB detects that UL signal arrives at t9, where e3 is a positive error so that t9 is after t8 as shown in Figure 1. 
· In order to adjust the UE transmitting time such that the UL signals is aligned at the gNB, the TA should be 2PDL+e3+e4+e5+e6-e1-e2. Note: all the ex in the equation are the positive time duration value.


Figure 1 An example of time error 
The UE detects that DL signals arrives to the UE at t4. According to the UE-based method, the UE thinks t4 is reference timing plus half of the TA, i.e. t1+TA/2=t1+1/2*(2PDL+e3+e4+e5+e6-e1-e2). However, the correct time of t4 is t1+PDL-e1-e2. Therefore, the timing synchronization error is 1/2*(e1+e2+e3+e4+e5+e6). Note that the time error for the other cases are also given in the appendix. 
[bookmark: _GoBack]Proposal 2: The maximum timing synchronization error with UE propagation delay compensation should be 1/2*(e1+e2+e3+e4+e5+e6), where e1 is the gNB transmitting time error, e2 is the DL synchronization error, e3 is the UL synchronization error, e4 is the TA indicator error, e5 is the TA adjustment error, e6 is the unbalance between the DL and UL. 
In order to improve the time accuracy of Uu interface, the accuracy for some of the factors above should be improved, e.g. TA indicator error, TA adjustment error and DL synchronization error. For TA indicator error, it can be enhanced by reducing the TA granularity or using network-based method for propagation delay compensation which is not affected by TA indication granularity. For TA adjustment error and DL synchronization error, they can be enhanced by improving their requirement, which should be discussed in RAN4. All the details can be discussed after the consensus on the gap between the current synchronization accuracy and the requirement is reached. 
Proposal 3: Further improvement on the accuracy for some of the factors can be considered.
· TA indicator error is discussed in RAN1
· TA adjustment error and DL synchronization error should be discussed in RAN4.
In Rel-17, another issue that needs to be resolved is the clock message transmission in uplink when a UE serves as the sync master as proposed by SA. It means the UE transmits the clock message to the gNB. The current mechanism for DL can be reused. That is the reference timing of a reference point is sent by the UE. Similar as the DL, the reference point can be the ending boundary of a system frame and the propagation delay compensation can be perform by the network or the UE. 
Proposal 4: The clock message transmission in uplink should be resolved in Rel-17. 
Conclusion
According to the discussion above, we have the following observations and proposals.
Observation 1: Propagation delay compensation is performed by UE implementation in Rel-16.
Observation 2: The time accuracy of Uu interface should be improved to meet the requirements in Rel-17.
Proposal 1: It's better to achieve an aligned result on synchronization accuracy of Uu interface by aligning the calculation method and assumption before going further on the enhanced propagation delay compensation.
Proposal 2: The maximum timing synchronization error with UE propagation delay compensation should be 1/2*(e1+e2+e3+e4+e5+e6), where e1 is the gNB transmitting time error, e2 is the DL synchronization error, e3 is the UL synchronization error, e4 is the TA indicator error, e5 is the TA adjustment error, e6 is the unbalance between the DL and UL. 
Proposal 3: Further improvement on the accuracy for some of the factors can be considered.
· TA indicator error is discussed in RAN1
· TA adjustment error and DL synchronization error should be discussed in RAN4.
Proposal 4: The clock message transmission in UL link should be resolved in Rel-17. 
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Appendix
In this section, the following cases are analyzed for the synchronization accuracy of Uu interface.
Case 1: all the factors are positive errors as shown in Figure 2
Case 2: only e1 is negative error while the other factors are positive errors as shown in Figure 3
Case 3: only e2 is negative error while the other factors are positive errors as shown in Figure 4
Case 4: only e1 and e2 are positive errors while the other factors are negative errors as shown in Figure 5
Case 5: all the factors are negative errors as shown in Figure 6
The results are summarized in Table 2. It can be seen that the maximum time error is 1/2*(e1+e2+e3+e4+e5+e6). 
Table 2 The synchronization error of Uu interface for different cases
	
	TA
	The time of t4 calculated by the UE
	The actual time of t4
	Total error

	Case 1
	2PDL+e1+e2+e3+e4+e5+e6
	t1+1/2*(2PDL+e1+e2+e3+e4+e5+e6)
	t1+PDL+e1+e2
	1/2*(e3+e4+e5+e6-e1-e2)

	Case 2
	2PDL-e1+e2+e3+e5+e5+e6
	t1+1/2*(2PDL-e1+e2+e3+e4+e5+e6)
	t1+PDL-e1+e2
	1/2*(e3+e4+e5+e6+e1-e2)

	Case 3
	2PDL+e1-e2+e3+e4+e5+e6
	t1+1/2*(2PDL+e1+e2+e3+e4+e5+e6)
	t1+PDL-e1-e2
	1/2*(e3+e4+e5+e6-e1+e2)

	Case 4
	2PDL+e1+e2-e3-e4-e5-e6
	t1+1/2*(2PDL+e1+e2-e3-e4-e5-e6)
	t1+PDL+e1+e2
	1/2*(-e1-e2-e3-e4-e5-e6)

	Case 5
	2PDL-e1-e2-e3-e4-e5-e6
	t1+1/2*(2PDL-e1-e2-e3-e4-e5-e6)
	t1+PDL-e1-e2
	1/2*(e1+e2-e3-e4-e5-e6)


Note: all the ex in the equations are the positive time duration value.


Figure 2 Case 1


Figure 3 Case 2


Figure 4 Case 3


Figure 5 Case 4



Figure 6 Case 5
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