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*** Start of changes ***
[bookmark: _Toc4424194]6.11	Solution #11 Options for time synchronisation using TSN (key issue 3.2)
[bookmark: _Toc4424195]6.11.1	Description
This is a set of solutions for Key Issue 3.2.
TR 22.804 [6] describes a requirement for synchronization of all automation endpoints, in order for the endpoints to coordinate sensing and actuation procedures at a common sampling point, with alignment of the order of 1 microsecond. Refer to bullet 4, Clause 5.3.2.3 of TR 22.804 [6] for a description of the use case.
With TSN, synchronization is performed by 802.1AS/gPTP messages where each automation endpoint acts as an 802.1AS client, and a TSN Master Clock that generates the 802.1AS messages. For automation systems operating over a wireless interface, there are two options for the deliver of precise timing information to the UE.
Option 1: Transport of 802.1AS messages over the 5G system to convey timing to the UE. In this option, the 5G system appears as an 802.1AS compliant entity that allows northbound and southbound nodes to use 802.1AS standardized signalling to exchange time information.
Option 2: 5G RAN conveying timing to the UE that acts as boundary master clocks towards connected TSN device via 5G specific signalling via 5G broadcast/5G unicast RRC. The 5G RAN indicates time associated with a specific point (e.g. start of frame boundary) of 5G RAN's fine-frame structure. In case of multiple clock domains, 5G RAN using broadcast signalling (including on demand SI) can convey timing information associated with all clock domains to UE or 5G RAN using unicast/RRC signalling can convey timing information associated with a subset of clock domains.
The 5G RAN can receive the TSN timing information via direct connectivity with TSN master clocks, e.g. via underlying transport network by having an embedded TSN client within the gNB (this option does not use UE specific 802.1AS messages).
NOTE 1:	Other means for NG RAN to receive TSN timing information is not precluded and it is up to network deployment.
Similarly, UPF implementations may need to be synchronized with TSN master clock for TSN traffic forwarding reasons using an embedded PTP slave entity. External TSN clock is made available for UEs when gNB is synchronized with TSN GM through underlying PTP capable transport network by using (g)PTP.
Quality of supported clocks may have impact to usage of SIB/RRC (and SIB) resources.  
[image: ]
Figure 6.11.1-1a: Worst case frequency variations of industrial working clock grand masters 

[bookmark: _Hlk527471678], because oObtaining required precision for external clock may need quite frequent time information updates over Uu. For instance, if frequency offset drift of TSN working clock GM of stratum-4 class is up to 32 ppm/s related to 5G GM, clock drift jitter is 32 µs per second at worst case. In order tTo keep time error due to frequency variations meet 1µs <0.5µsaccuracy, the time information update interval needs to be five at least 6 times shorter than per sec e.g. 160 ms period for SIB. , thus either RRC signalling is required in this case or the spec needs to be updated to allow shorter SIB periods. If accuracy class of TSN GM is stratum-3 (4.6 ppm), then SIB signalling is sufficient with the existing 160 ms period.It is assumed that a frequency offset tracking and compensation, based on time information of consecutive SIB/RRC messages, is used in UE to support e.g. up to 100 ppm offset, which is stated  as worst-case value for industrial working clock grand master.
In the case of multiple clock domains:
-	overhead of option 2 when 5G RAN uses broadcast signalling scales linearly in the total number of clock domains,
-	overhead of option 2 when 5G RAN uses unicast signalling also scales linearly in the total number of clock domains. Optimizations may be possible if the specific set of clock domains associated with a UE can be identified.
UE acts as a boundary master clock for each clock domain towards N60 and may transmit PTP Sync messages with configured period.
Figure 6.11.1-2 does not include aspects related to best master clock algorithm and grand master redundancy, e.g. possible connections between 5G GM and TSN GM grand masters. Figure 6.11.1-2 also illustrates how an example of synchronizing N60 interface with external TSN clock.
This option does not use UE specific 802.1AS messages within 5G.
Option 1 has the challenge that 802.1AS messages have to be transported via the 5G system with predictable latency (as is done via wired 802.1AS compliant nodes currently). This may be difficult for wireless systems due to the variability of latency over a wireless link.
Option 2 with boundary clock mode approach (refer to IEEE 802.1AS-rev(d7.3)) exploits also unicast of time information for additional domains, when e.g. capacity of SIB is exceeded or on-demand SI not dynamic enough. In this case, NG-RAN is synchronized with the TSN GM via transport network and TSN GM through underlying PTP capable transport network by using (g)PTP as it is makes the 5G system to look like a time aware relay.
NOTE 2:	Use of SIB broadcasting/RRC signalling for time synchronization needs confirmation from RAN WG2.


Figure 6.11.1-1b: Overview for time synchronization with external clock mode approach (option 2)
Multi-Time domain scalability:
Timing for multiple domains may be provided to the gNB, either from a directly connected GM, or via to PTP capable transport that conveys clocks from PTP connected GM clocks. 5G specific signalling of clock time information aligned with the frame structure (e.g. an SFN boundary) is then used to covey time to the UE, which then acts as a boundary master clock towards connected TSN devices.
Support for clock transmission across the 5GS for multiple clocks can be based on the following:
-	Leverage the approach as described in Option 4 (Multiple time domains merged into one domain using 5G clock) of this clause. In this case, when multiple time domain is supported, they are merged into one domain using 5G clock.
-	PTP is supported in the 5GS, allowing clocks to be synchronized between the gNB, UPF and TSN bridges in a DN. A GM may be configured anywhere in the PTP connected network.
-	A clock time may be synchronized via SIB broadcast over Uu, using mechanisms similar to that defined in LTE Rel-15.
-	To provide efficient signalling, working clock information may be transmitted via SIB (SIB9) or on demand SI or via dedicated RRC as specified by RAN groups.
Both broadcast (SIB) and unicast (RRC) methods are supported by LTE Rel-15 and industrial use cases provide further justifications for adopting both methods in the 5GS to transmit time information for the required domains.
NOTE 1:	It is up to RAN groups to consider permitting both the SIB and dedicated RRC signalling to transmit time information for the required domains. To improve efficiency and better support scalability, RAN WG2 may further consider optimizations to compress redundant information sent by working clocks and more efficiently encode working clock information.
gPTP compliancy with preserving origin timestamp:
According to [x] IEEE P802.1AS-Rev/D7,5 " Draft Standard for Local and Metropolitan Area Networks— Timing and Synchronization for Time-Sensitive Applications". the origin time stamp received in slave port of time aware relay shall be copied to SYNC messages sent by a master ports also in case with SyncLocked variable is set FALSE i.e. when transmission of gPTP SYNC messages in master port (UE) is not following the periodicity of slave port (gNB). 
Conveying of the origin time stamp with synchronized time through Uu will introduce small signalling overhead compared to case were only synchronized time is conveyed. gNB determines the time in scale of NR time base when TSN GM time has been equal to time indicated in the origin timestamp.  Thus, time information that conveys both the origin time stamp and TSN time over Uu at gNB transmitter port, consists of:
· Reference SFN (10bits)
· Time offset within reference SFN with [10ns] resolution (20 bits)
· Origin Timestamp, which is copied from the last received gPTP SYNC message (80bits) 
Reference SFN and Time offset, determine the time at local (NR) clock scale (at TX port of gBN) when TSN time has been equal to the time indicated in the origin time stamp. 
Figure 1 illustrates operation with incoming gPTP SYNC interval in gNB of 125ms, SIB periodicity of 160ms and outgoing gPTP SYNC interval in UE of 250ms.
[image: ]
[bookmark: _Ref3541180]Figure 6.11.1-1c: Preservation of gPTP origin timestamps with Solution #11 Option 2
UE populates correction field (Ci) based on difference between SYNC message transmission time related to the origin timestamp in TSN time scale. UE may determine also frequency offset between external GM and NR time base from consecutive time information messages and can thus populate rate ratio (Ri) field of sent SYNC. Same applies also for populating related fields in sync follow-up message in case of two step sync.   
gPTP compliancy with support for gPTP slave port in UE:
Solution 11 option 2 can be extended also to support gPTP slave port in UE. If BMCA detects, with considering also clock location related aspects, that the best GM is in UE side, then UE needs to determine refSFN and ref_offset related reusing greatly the same mechanisms that are used in case where gNB provides the time information. It needs to be defined, if compensation of propagation delay over Uu (TA/2) is done either in UE or gNB.  Dedicated RRC signaling with same IE formats as in SIB can be used to convey time information from UE to gNB. gNB broadcasts then time information to other UEs via SIB.
Option 3: one time-aware relay implemented with Solution#8.
Single Time Domain:
An alternative option can be an implementation with 5G black box model as described by Solution#8. In such an implementation, the entire 5G system can be kept untouched, therefore there will be minimal impact on the 5G system nodes.  The translator/adaptor function located at the edge of 5G system, can take care all 802.1AS related functions.  For example, the (g)PTP support, time stamping, BMCA can be all implemented in the translator.
It is a type of "distributed boundary clock" implementation, or in a 802.1AS term "distributed time-aware relay". Only the network elements at the edges of the 5G system (i.e. translator/adaptor) needs to support the IEEE 802.1AS operations. The 5G internal system clock will keep these network elements synchronized so that the timestamping of the gPTP event messages is done correctly. The 5G system has to properly handle the BMCA (in particular handling the gPTP Announce messages) in order to properly the set up the state of the PTP ports and select the GM. Given the specific operation described by the IEEE802.1AS, the actual timing operation consist in the processing of the correction field in the sync message (as well as of the proper handling of the peer-to-peer delay operations).
The translator function can be implemented either as part of UPF/UE, or as a stand-alone entity.


Figure 6.11.1-2a: 5G system is modelled as one time-aware relay using solution#8
The timing information from TSN working domain (external clock) is delivered via the UEs to the respective End stations.  This option assumes the 5G internal system clock (black clock) is made available to all nodes in the 5G system and this is made available to the network translator/adaptor via the underlying PTP compatible transport network. The 5G internal system clock can be made available to UE with signalling of time information related to absolute timing of radio frames (i.e. using SIB/RRC based methods described for LTE Rel-15). The timing information (gPTP messages, including the information on the incoming sync message timestamping) can be carried from the UPF to the UE as data packets (e.g. payload). The time stamp of UPF and UE are based on the 5G internal system clock.
Multiple Time domains support:
gPTP frames from two (or more) different TSN working domains arrive at the UPF or translator at UPF side, these frames carry the gPTP multicast Ethernet destination MAC address and a specific PTP "domainNumber" that indicate the time domain they are referring to.
The UPF / translator makes ingress timestamping (TSi) per time domain for the gPTP messages. The TSi can be carried, for example, either in the suffix or "correctionField" of the gPTP message together with the original TSN timing information. UPF then forwards the modified gPTP messages to every UE via user plane (e.g. PDU session).
A UE receives the original TSN clock timing information and the TSi per time domain via gPTP messages and forwards them to the UE side translator. The UE translator then makes egress timestamping (TSe) for the gPTP messages for every external TSN working domains. The difference between TSi and TSe is considered as the residence time spent within the 5G system. The UE/translator regenerates the gPTP messages towards an end station with the original TSN timing information and calculated residence time in the "correctionField". An end-station can select the proper TSN timing information based on the "domainNumber" in the gPTP message. Ingress and egress time stamping of the 5G system is based on a 5G time domain provided to gNBs from a 5G grand master (GM) clock. The 5G RAN remains independent from the one or more TSN working time domains. The solution is independent from the number of working time domains that are supported. This solution is compliant with IEEE 802.1AS, according to which it appears as a "time-aware system".
NOTE 2:	The 5G system time can be provided to the UE/translator via over-the-air time synchronization and to the UPF/translator via a transport network.


Figure 6.11.1-2b: Supporting multiple TSN working domains with Solution#11 option3
Solution#11 option3 supports "merge" and "separate" cases through application layer ("application merge" and "application separate"). The end station receives gPTP messages for both working domains, then it can select "domainNumber" based on application decision. For example, in figure 2, if the application decides "separate" case, then the green end station will select green working domainNumber, and the orange end station selects the orange working domainNumber. If the application decides "merge" (orange working domain merges to green), the orange end station selects the green domainNumber. The detailed mechanism of merging is outside 3GPP scope.
Option 4. Multiple time domains merged into one domain using 5G clock.
In this option a single clock domain is sufficient and a suitable one could be provided by the 5G system itself (in fact, it normally has to operate synchronous with an internationally recognized standard such as GPS).
In the example shown in figure 6.11.1-3, the UE only receives 5G timing information through gNB, and acts as master clock to the TSN end stations. The TSN bridges and End stations at the right side of the figure also receives timing information from the 5G GM via UPF and underlying PTP compatible transport network. Therefore, all connected domains are locked to the 5GS clock (same universal time; all working clock domains synchronous to the universal time)
In this case each interface of the 5G system is seen by the connected TSN networks and by the End stations, as separate GMs, each of them operating in independent gPTP domains, but providing the same time to all the connected networks. For example, the 5G clock at the transport function (TP) of the UPF is acting as TSN GM and provides GM reference to the TSN work domain 1 and 2 on the right side of the figure. The 5G clock at UEs acts as TSN GM for the End stations that belonging to TSN domain 1 and 2 respectively.
[image: MTSN1]
Figure 6.11.1-3: Different time domains are merged into one time domain


Figure 6.11.1-4: An implementation option of figure 3 using black box model mentioned in Solution#8
An alternative option as shown in figure 6.11.1-4 can be an implementation with 5G black box model as described by Solution#8. In such an implementation, the entire 5G system can be kept untouched, therefore there will have minimal impact on the 5G system nodes. The translator/adaptor function located at the edge of 5G system, can take care all 802.1AS related functions. For example, the (g)PTP support, time stamping, can be all implemented in the translator.
The translator function can be implemented either as part of UPF/UE, or as a stand-alone entity.
[bookmark: _Toc4424196]6.11.2	Procedures
Editor's note:	This clause describes services and related procedures for the solution.

[bookmark: _Toc4424197]6.11.3	Impacts on Existing Nodes and Functionality
Editor's note:	This clause captures impacts on existing 3GPP nodes and functional elements.

[bookmark: _Toc4424198]6.11.4	Solution Evaluation
Editor's note:	This clause provides an evaluation of this solution.

* * * * End of Changes * * * *
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