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1 	Introduction
In the LS from RAN2 [4], RAN1 was asked to provide feedback on the achievable time synchronization accuracy over the Uu interface. In its reply [1], RAN1 has concluded that:
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).
•	Note that the RAN1 analysis does not contain the effects of the granularity & accuracy of the absolute timing indication information by the gNB, which are outside of the RAN1 study scope.
In the same LS [4], RAN3 was asked to provide feedback on the achievable time synchronization accuracy from RAN network perspective. In its reply [2], RAN3 has concluded that:
The maximum absolute time error (TE) between TSN GM clock and gNB is summarized in the following table:

	Synchronization source
	Synchronization accuracy

	Local on-site GNSS receiver (GPS is TSN GM clock) 
	|TE| = 100 ns absolute, 200ns relative between nodes.

	Local on-site TSN GM clock
	TE is negligible.

	Remote TSN GM clock entity using cascaded PTP capable transport network connections
	|TE| ~N*40ns, where N is number of PTP hops. 




The synchronization requirements of cyber-physical control applications captured in TS 22.104 [3] include the following:
· The 5G system shall support a mechanism to synchronise the user-specific time clock of UEs with a global clock.
· The 5G system shall support a mechanism to synchronize the user-specific time clock of UEs with a working clock.
· The 5G system shall support two types of synchronization clocks, the global time domain and the working clock domains.
· The 5G system shall support networks with up to 32 working clock domains.
· NOTE 1:	The domain number (synchronization domain identifier) is defined with one octet in IEEE 802.1AS [22]. This allows for 256 synchronization domains.
· The 5G system shall support at least 2 simultaneous working clock domains on a UE. 
· The global time domain shall provide time synchronization with precision of 1 µs.
· NOTE 2:	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:	The required precision is between the sync master and any device of the global time domain.
· The working clock domains shall provide time synchronization with precision of ≤ 1 µs. 
· NOTE 4:	The required precision of ≤ 1 µs is between the sync master and any device of the clock domain.
· NOTE 5:	Different working clock domains are independent and can have different precision.
· 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.

To meet those requirements, several architecture-level solutions have been proposed in SA2 and captured in TR 23.734 [5]. In this contribution, we discuss the details of SIB/RRC-based signalling for TSN/5GS clock delivery to UE. Furthermore, a Text Proposal for TR 38.825 (Section 6.4 Accurate reference timing provisioning) is provided in the Annex.
2 	SIB/RRC-based clock delivery
SIB/RRC-based clock delivery with 0.25 us granularity has been introduced in Rel-15 of LTE by means of the timeReferenceInfo-r15 IE in the SIB16 and/or in the DLInformationTransfer RRC message. The format of timeReferenceInfo-r15 IE is shown in Fig. 1.
[image: ]
Figure 1: timeRefrenceInfo-r15 information element fields as specified in LTE
It was agreed during RAN2#104 meeting that the broadcast RRC, similar to that from LTE is used as a baseline while unicast is FFS. It should be also clarified whether the granularity of 0.25 us is sufficient for TSN use cases:
	We reuse the LTE approach for time distribution by broadcast RRC as a baseline, Unicast is FFS 
0.25us granularity can be starting point, FFS finer granularity than 0.25us




Firstly, we believe that unicast delivery of timing information has its merit compared to broadcast time information delivery, e.g.:
· Depending on the number of UEs requiring delivery of the time information, it may be more efficient from radio resources efficiency perspective to deliver the timing information using unicast signalling.
· In case the timing information needs to be delivered very frequently in order to meet the synchronization accuracy requirement, the SIB periodicity may not be sufficient to ensure it is met, e.g. considering TSN GM clock of stratum-4 has a frequency offset of 32 ppm, which means that the clock could drift for around 2.56us within 80ms, i.e. between the two opportunities for the UE to re-synchronize the clock. It should be noted that TSN GM need to operate in very challenging environment and in consequence the drift may be inevitable and variable [8][9].
· It may be more efficient to support multiple time-domains using unicast signalling (this would again depend on the number of UEs interested to receive a clock of a certain time domain).
· In some deployments the network operator may want to encrypt the timing information provided to the UEs, e.g. the timing information related to some factory tasks may be vulnerable.

For those reasons, we believe unicast delivery of timing information is an important feature. Moreover, the additional complexity on top of broadcast support is very small and since LTE is already supporting both broadcast and unicast, it would be odd for NR to be less capable in that respect.

Proposal 1: Reference time information can be provided to the UEs using both broadcast and unicast RRC signalling.

Considering the synchronization requirements in TS 22.104 and the feedbacks from RAN1 and RAN3 on the timing error (TE) budgets between gNB and UE, respectively, gNB and TSN GM, certain enhancements to the Rel-15 signalling mechanism are needed in terms of clock granularity, frame referencing, timescale selection, and multiple clock domain support.
[bookmark: _Hlk475363]Feedback from RAN1 [1] indicates that TE < ±540 ns is achievable between gNB and UE for 15 kHz SCS. Considering that some of the contributors to the TE, such as DL frame alignment error, TO measurement error, TA signalling granularity, and TA adjustment accuracy are SCS-dependent, the TE is reduced for higher SCS’s. Feedback from RAN3 [3] indicates that, for some deployment options, TE between UPF and gNB may be negligible. Therefore, not to limit the synchronization performance at higher SCS’s by the granularity of the time information reported via SIB/RRC, we propose that the time information indicates time reference with 10 ns granularity. For that purpose, refTenNanoSeconds field of type INTEGER [0 … 99999] is needed in the referenceTime structure (in addition to refDays, RefSeconds, and refMilliSeconds).
Proposal 2: The granularity of the time reference information should be 10 ns.

In case an internal/5GS clock is signalled, the timescale and epoch of the time reference may be the same as those used in timeReferenceInfo-r15 in LTE. 
Proposal 3: The timescale and epoch used for an internal/5GS clock is the same as in the timeReferenceInfo-r15. 
Furthermore, an external/TSN clock may use an arbitrary timescale and epoch. Two types of gPTP timescales are specified in IEEE 802.1AS-Rev [6]:
· The timescale PTP: The epoch is the PTP epoch (see 8.2.2 [The PTP epoch is 1 January 1970 00:00:00 TAI, which is 31 December 1969 23:59:51.999918 UTC.]), and the timescale is continuous. The unit of measure of time is the second defined by International Atomic Time (TAI) (see [B15], with the further amplification of [B24], for the definition of TAI, and [B12], [B16], and [B25] for more information on TAI). The timescale of domain 0 shall be PTP. See IEEE Std 1588 for more details.
· The timescale ARB (arbitrary): The epoch is the domain startup time, and can be set by an administrative procedure. Between invocations of the administrative procedure, the timescale is continuous. Additional invocations of the administrative procedure can introduce discontinuities in the overall timescale. The unit of measure of time is determined by the grandmaster. The second used in the operation of the protocol may differ from the SI second.
If needed, the Rel-15 timescale as proposed in Proposal 3, can be easily converted into PTP with fixed offset or UTC with leap seconds, so additional signalling is not required for this case. However, in case an external/TSN clock is signalled, it may require arbitrary timescale and epoch. Thus, it should be possible to signal additional type of clock e.g. “arbitrary” in the time reference info. Similarly as in the case of local clock in Rel-15 of LTE, its interpretation can be provided by upper layers.
Proposal 4: It should be possible to signal additional type of clock (e.g. “arbitrary”). Its interpretation can be provided by upper layers.
In Release 15, the ending boundary of SIB period as time stamping reference is used. However, it may have an ambiguity e.g. in TDD deployments, when UE at the last beam of scanned beams may receive SIB e.g. at the next SFN. To enable precise time stamping based on measurement rather than forecast, the reference time should refer to time in the past. It should be also possible to include reference SFN for both broadcast and unicast signalling of reference time information.
Proposal 5: It should be possible to include reference SFN for both broadcast and unicast signalling of reference time information. 
Prposal 6: The reference time should refer to the passed time i.e. the starting boundary of the reference SFN.
Another piece of information required in the time reference information is uncertainty. The uncertainty in timeReferenceInfo-r15 indicates the number of LSBs which may be inaccurate in the refQuarterMicroSeconds field. Similarly, the uncertainty in time reference info in Rel-16 could indicate the number of LSBs which may be inaccurate in the, e.g. ref10NanoSeconds field. Since 17 bits would be used for ref10NanoSeconds, 5 bits would be needed for the uncertainty. Alternatively, an enumeration similar to the one below can be used to reduce the number of bits required for the uncertainty field to 3:
{TimeAccurateTo10ns,
TimeAccurateTo50ns,
TimeAccurateTo200ns,
TimeAccurateTo1us,
TimeAccurateTo5us,
TimeAccurateTo20us,
TimeAccurateTo100us,
TimeAccurateTo500us}
This aspect can be further discussed in WI phase.
Proposal 7: It should be possible to include the uncertainty of the time reference in the signalling. 
According to TS 22.104 [3], a global time domain and up to 32 working clock domains shall be supported. In gPTP, a domain is identified by a domain number, which shall be in the range 0-127. Therefore, an information about the domain number is needed in time reference information to inform UEs about the gPTP domain associated with the signalled time reference.
Proposal 8: The domain number associated with the signalled external/TSN clock is indicated in the time reference signalling.
With large frequency offsets, e.g. up to 100ppm [8], [9] in working clock GM, the resulting time drift during SIB period of 160ms may exceed synchronicity requirement and cause substantial time jumps in every 160 ms instance, unless frequency error is compensated with e.g. linear regression of timestamps related to 5G time base in UE before sending PTP sync messages with e.g. 125ms periodicity at the time scale of working clock domain towards N60 interface. 
In gPTP receiving end, the frequency error is estimated e.g. from sync message rate ratio between neighbours and signalled cumulative rate ratio. E.g., PTP entity in gNB needs to perform it in order to track the working clock so that time information IE in SIB messages can be populated with precise values.  
While receiving SIB messages, UE may estimate frequency error from consecutive time information values, e.g. if those lag or advance related to 160ms fixed period. 
If gNB transmits estimated frequency offset via SIB, UE can obtain synchronicity e.g. one SIB period earlier. This quicker synchronization may justify inclusion of [10 bits] frequency error IE per signalled working clock time domain.   
Frequency offset may have flexible scale to allow good granularity and capability to handle larger offsets, up to 100ppm, e.g. freqOffset = (-127...+127) * 0.1*2n where n = (0..3), requiring 8+2=10 bits.
Proposal 9:  If frequency error of working clock is estimated e.g. by gPTP or PTP entity of gNB, it can be included in the time reference information provided by the gNB, to provide faster synchronization of UE.
3	Support for multiple clock domains
As indicated in the Introduction section, in TS 22.104 [3], the requirement to support up to 32 working clock domains is captured. The tentative bit budget of time reference information in Rel-16, which follows the structure as proposed in this contribution, is following:
· referenceTime: 60 bits (16 for refDays, 17 for RefSeconds, 10 for refMilliSeconds, and 17 for refTenNanoSeconds)
· uncertainty INTEGER (0…17): 5 bits
· timeInfoType ENUMERATED {“arbitrary”}: 1 bit
· refrenceSFN INTEGER (0…1023): 10 bits
· domain INTEGER (0…127): 7 bits
This results in 83 bits in total to signal the information for a single clock domain, possibly less in case of an arbitrary timescale (e.g. with a short roll-over). Therefore, in the worst case, it would take 33×83 = 2739 bits to deliver the global clock and 32 working clocks. This may fit the SI message capacity, which is limited to 2976 bits [7], but may potentially have impact on achievable coverage. However, it should be noted that it is unlikely that all 33 domains need to be signalled within a single cell. Unicast signalling could also help to avoid potential coverage issues.  If needed, alternative ways to deliver multiple clocks could be considered. For example, a more compact format may be used for some of the clock domains, assuming certain dependency between the domains (e.g. a small offset to another clock domain that can be encoded in few bits). 
Observation 1: It is possible to support 33 clock domains as required by SA1 with SIB/RRC signalling of time reference information.  
4	Conclusions
The following observations and proposals were made with respect to the SIB/RRC-based accurate time provisioning:
Proposal 1: Reference time information can be provided to the UEs using both broadcast and unicast RRC signalling.
Proposal 2: The granularity of the time reference information should be 10 ns.
Proposal 3: The timescale and epoch used for an internal/5GS clock is the same as in the timeReferenceInfo-r15. 
Proposal 4: It should be possible to signal additional type of clock (e.g. “arbitrary”). Its interpretation can be provided by upper layers.
Proposal 5: It should be possible to include reference SFN for both broadcast and unicast signalling of reference time information. 
Prposal 6: The reference time should refer to the passed time i.e. the starting boundary of the reference SFN.
Proposal 7: It should be possible to include the uncertainty of the time reference in the signalling. 
Proposal 8: The domain number associated with the signalled external/TSN clock is indicated in the time reference signalling.
Proposal 9:  If frequency error of working clock is estimated e.g. by gPTP or PTP entity of gNB, it can be included in the time reference information provided by the gNB, to provide faster synchronization of UE.
Observation 1: It is possible to support 33 clock domains as required by SA1 with SIB/RRC signalling of time reference information.  
Based on those it is proposed to adopt a text proposal provided in the Annex.
Proposal 10: Agree on the Text Proposal provided in the Annex.
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Annex			Text proposal for TR 38.825
< Start of TP>
6.4        Accurate reference timing provisioning
Editor’s note: RAN2 responsibility with potential network interfaces impacts handled by RAN3
6.4.1. RRC/SIB-based clock delivery
To meet the synchronization requirements of TSN applications captured in TS 22.104 [x], several architecture-level solutions have been proposed in SA2 and captured in TR 23.734 [x]. Several of those solutions require high-precision (sub-microsecond level) signalling of either external/TSN clock(s) (Solution 11.2) or internal/5GS clock (Solutions 11.3 and 11.4) over the Uu interface. For other solutions (Solutions 11.1, 17, 19, and 28), such signalling may be needed, depending on realization. A SIB/RRC-based signalling mechanism similar to the one adopted for LTE in Rel-15 can be used for clock delivery over Uu for the support of TSN applications in Rel-16. Both broadcast (e.g. SIB9) and unicast RRC signalling can be used for delivery of high-precision clock information from gNB to the UE.
Considering the requirement of ≤ 1µs between the sync master and any device of the clock domain as captured in TS 22.104 [x]() and the achievable timing error (TE) budgets between gNB and UE, and between gNB and TSN GM, certain enhancements to the Rel-15 signalling mechanism are needed in terms of clock granularity, frame referencing, timescale selection, and multiple clock domain support. The information, which needs to be delivered to the UEs as part of reference time information is described in subsequent sub-sections together with potential differences with respect to that agreed as part of Rel-15 of LTE.
6.4.2	Time reference granularity
As captured in section 6.3.2, TE < ±540 ns is achievable between gNB and UE for 15 kHz SCS. The TE is reduced for higher SCSs. According to the analysis captured in section 6.3.4 , for some deployment options, TE between UPF and gNB may be negligible. Therefore, not to limit the synchronization performance at higher SCS’s by the granularity of the time information reported via SIB/RRC, the time information should indicate time reference with 10 ns granularity.	Comment by Nokia: This is where RAN1 analysis will go.
6.4.3	Timescale
In case an internal/5GS clock is signalled, the timescale and epoch of the time reference may be the same as those used in SIB16 of LTE. If needed such timescale can be easily converted into PTP with fixed offset or UTC with leap seconds, so additional signalling is not required for this case. However, in case an external/TSN clock is signalled, it may require arbitrary timescale and epoch. Thus, it should be possible to signal additional type of clock e.g. “arbitrary” in the time reference info. Similarly as in the case of local clock in Rel-15 of LTE, its interpretation can be provided by upper layers.
6.4.4	SFN reference
In Release 15, the ending boundary of SIB period is used as time stamping reference. However, it may have an ambiguity e.g. in TDD deployments, where UE using the last of beam-sweeped beams, may receive SIB with timing information e.g. at the next SFN. Additionally, to enable precise time stamping based on measurement rather than forecast, the reference time should refer to time in the past. It should be also possible to include reference SFN for both broadcast and unicast signalling of reference time information.
6.4.5	Uncertainty
It should be possible to provide the UEs with the uncertainty of the provided time information. 
6.4.6	Frequency offset
External clocks may have large frequency errors e.g. up to 100ppm at worst case [x][x]. If frequency error is estimated e.g. by gPTP or PTP entity of gNB, it could be included in the time reference information.
6.4.7	Support for multiple clock domains
According to requirements in TS 22.104 [x], support of up to 32 working clock domains is needed. The exact size of the reference information depends on further discussions in the WI phase, but the tentative bit budget of time reference information in Rel-16, which contains the information as mentioned in section 6.4.2 through 6.4.5, is following:
· referenceTime: 60 bits (16 for refDays, 17 for RefSeconds, 10 for refMilliSeconds, and 17 for refTenNanoSeconds)
· uncertainty INTEGER (0…17): 5 bits
· timeInfoType ENUMERATED {“arbitrary”}: 1 bit
· refrenceSFN INTEGER (0…1023): 10 bits
· domain INTEGER (0…127): 7 bits
This results in 83 bits in total to signal the information for a single clock domain, possibly less in case of an arbitrary timescale (e.g. with a short roll-over). Therefore, in the worst case, it would take 33×83 = 2739 bits to deliver the global clock and 32 working clocks. This may fit the SI message capacity, which is limited to 2976 bits as captured in TS 38.331[x] and thus support of 33 clock domains is possible with SIB/RRC based signalling of reference time information. Domain number should be included in case the external clock is signalled.
<end of TP>
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