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Introduction
In RAN#81 the revised study item on NR Industrial Internet of Things (NR-IIoT, [1]) has been approved. The objectives of the study include some form of Time Sensitive Networking (TSN) related enhancements including the aspect of delivering accurate reference timing information to a UE through a 5G network, which is discussed in the following. This discussion paper addresses the issue of how accurately clock information available at a gNB can, in practice, be conveyed to a UE using a RRC-dedicated and a SIB message specific to the 5G radio interface as proposed in [2]. 

[bookmark: _Ref178064866]Discussion
The case where a gNB supports the role of an ethernet bridge within a TSN network is considered as a possible example of system operation wherein reference time is delivered to a gNB using Precision Time Protocol (PTP). The reference time delivered to the gNB using PTP is expected to have sufficient accuracy relative to the value of the GrandMaster clock for the case where both the Grandmaster and the gNB are capable of hardware timestamping. Relaying reference time information from the gNB to a UE using 5G specific methods (see [2]) will introduce additional sources of inaccuracy which need to be examined to determine if the resulting UE reference time accuracy is sufficient for anticipated NR-IIoT use cases.
Relaying reference time information from the gNB to a UE using 5G specific methods will introduce additional sources of inaccuracy which need to be examined to determine if the resulting UE reference time accuracy is sufficient for anticipated NR-IIoT use cases.
Mapping Reference Time to System Frame Structure
One specific source of inaccuracy/uncertainty affecting the reference time value concerns the issue of how a gNB manages reference time information up to the point where it starts transmitting it to a UE. A gNB first acquires a reference time value (e.g. from the GrandMaster clock in a TSN network) and then proceeds as follows: 
· The gNB modifies the acquired reference time to the value it is projected to have when a specific reference point in the system frame structure (e.g. at the end of SFNz) occurs at the BS Antenna Reference Point (ARP) (see reference point tR in Figure 1).
· A SIB/RRC message containing the projected reference time value and the corresponding reference point (the value of SFNz) is then transmitted during SFNx and received by a UE in advance of tR.
· The SIB/RRC message may indicate an uncertainty value regarding the value of reference time applicable to the reference point tR. The uncertainty value reflects (a) the accuracy with which a gNB implementation can ensure that the reference point tR (the end of SFNz) will actually occur at the ARP at the indicated reference time and (b) the accuracy with which the GrandMaster clock can be conveyed to the gNB. 
· The uncertainty introduced by (a) is implementation specific but is expected to be negligible and is therefore not further considered. 
· The use of hardware timestamping at the GrandMaster node and gNB is assumed to be used for (b) in which case a corresponding uncertainty of [U1ns] (RAN3 to verify) is expected to be introduced when conveying the GrandMaster clock to a gNB.
A negligible uncertainty is expected to be introduced when a gNB implementation maps an acquired reference time value to a reference point (e.g. the end of SFNz) in the system frame structure as it occurs at the ARP. 
An uncertainty of [U1ns] or less is expected to be introduced when the GrandMaster clock is conveyed to a gNB.
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Figure 1 – BS SFN Transmissions

Synchronization Uncertainty
Another source of uncertainty affecting the reference time value concerns the precision with which a UE can synchronize to gNB transmissions in a given IIoT cell. This uncertainty affects the case where a UE receives a SIB/RRC message that contains a reference time value that is relative to a specific point in the SFN structure e.g. end of SFNz. Similarly, the precision with which a gNB can synchronize to UE transmissions provides yet another source of uncertainty affecting the reference time value since it will impact the Timing Advance estimated by the gNB which the UE uses when adjusting the received reference time value to reflect the downlink delay. 
Synchronization to Downlink SFNs
Considering a range of factory cell radii for which multipath effects can be a factor this source of inaccuracy is expected to be no more than [250ns] (see [3] - RAN1 to verify). Note that this can be a contributing factor to the overall uncertainty of the reference time value established at a UE even in small IIoT cells for which no Timing Advance (TA) would typically be expected.
· The UE experiences a maximum sync error of [250ns] when estimating the point at which end of SFNz occurs on the DL.
· The UE establishes UL SFN sync according to its DL sync and thereby propagates the [250ns] DL sync error into all UL transmissions.
Synchronization to Uplink SFNs
Considering a range of factory cell radii for which multipath effects can be a factor this source of inaccuracy is expected to be no more than [250ns]. Note that this will be a contributing factor to the overall uncertainty of the reference time value established at a UE even in small IIoT cells for which no Timing Advance (TA) would typically be expected.
· The gNB experiences a maximum sync error of [250ns] when estimating the point at which end of SFNz occurs on the UL.
· The gNB determines a final TA value based on comparing where it should nominally receive the end of SFNz on the uplink (determined based on when the end of SFNz transmission occurs at the ARP) to where it estimates the end of SFNz as being received.
· The UE considers ½ the final TA as the applicable DL delay and is therefore the amount of time it adds to the reference time received from the gNB.
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Even when a UE is in an IIoT cell for which no TA would typically be expected (due to small cell radius) there can still be a non-zero final TA value that a gNB determines to be applicable based on the uncertainty of DL SFN sync at the UE and UL SFN sync at the gNB.
· Note that the final TA value sent to a UE is based on the latest best effort estimation of DL SFN sync at the UE and the latest best effort estimation of UL SFN sync at the gNB. As such, increasing the received reference time value by ½ the final TA value will always reflect the latest best efforts by the UE and gNB to perform SFN synchronization and therefore represents a best effort adjustment performed to establish an actual reference time.
· Considering that the gNB cannot determine or indicate what specific downlink and uplink uncertainties factor into the final TA, the UE considers the final TA as precise and therefore adjusts the received reference time value by ½ the final TA (i.e. the final TA is not considered as introducing an additional source of uncertainty for the reference time).
The step of a UE adjusting the received reference time value by ½ the final TA value is not considered as introducing an additional source of uncertainty for the reference time. 
Total Reference Time Inaccuracy
Upon receiving a SIB/RRC message containing a reference time value a UE establishes an actual reference time by:
· Taking into account the uncertainty value included in the message used to convey the reference time. In the worst case this is expected to introduce an uncertainty of [±U1ns] per section 2.1 above.
· Taking into account the uncertainty associated with a UE attempting to synchronize to SFNs sent by a gNB. In the worst case this is expected to introduce an uncertainty of [±250ns] per section 2.2.1 above.
The reference time value received by a UE from a gNB and increased by the value of ½ the final TA can realistically be expected to be subject to a total uncertainty of up to [±(U1+250)ns] for small IIoT cells (e.g. up to 10m radius).

Conclusion
The following observations have been made:
Observation 1: Relaying reference time information from the gNB to a UE using 5G specific methods will introduce additional sources of inaccuracy which need to be examined to determine if the resulting UE reference time accuracy is sufficient for anticipated NR-IIoT use cases.
Observation 2: A negligible uncertainty is expected to be introduced when a gNB implementation maps an acquired reference time value to a reference point (e.g. the end of SFNz) in the system frame structure as it occurs at the ARP. 
Observation 3: An uncertainty of [U1ns] or less is expected to be introduced when the GrandMaster clock is conveyed to the gNB.
Observation 4: The step of a UE adjusting the received reference time value by ½ the final TA value is not considered as introducing an additional source of uncertainty for the reference time.
Observation 5: The reference time value received by a UE from a gNB and increased by the value of ½ the final TA can realistically be expected to be subject to a total inaccuracy of up to [±(U1+250)ns] for small IIoT cells (e.g. up to 10m radius).

And we make the following proposals: 
Proposal 1: A 5G specific radio interface specific mechanism for conveying reference time information from a gNB to a UE is suitable for realizing reference time values at the UE with [±(U1+250)ns] uncertainty (relative to the GrandMaster clock in a TSN network) when considering IIoT cells having a radius up to 10 meters.
Proposal 2: Capture the text proposal with the contents of section 2, 2.1, 2.2 and 2.3 into TR 38.825 as shown in section 5 below.
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The case where a gNB supports the role of an ethernet bridge within a TSN network is considered as a possible example of system operation wherein reference time is delivered to a gNB using Precision Time Protocol (PTP). The reference time delivered to the gNB using PTP is expected to have sufficient accuracy relative to the value of the GrandMaster clock for the case where both the Grandmaster and the gNB are capable of hardware timestamping. Relaying reference time information from the gNB to a UE using 5G specific methods will introduce additional sources of inaccuracy which need to be examined to determine if the resulting UE reference time accuracy is sufficient for anticipated NR-IIoT use cases.
6.4.X.1	Mapping Reference Time to System Frame Structure
One specific source of inaccuracy/uncertainty affecting the reference time value concerns the issue of how a gNB manages reference time information up to the point where it starts transmitting it to a UE. A gNB first acquires a reference time value (e.g. from the GrandMaster clock in a TSN network) and then proceeds as follows: 
· The gNB modifies the acquired reference time to the value it is projected to have when a specific reference point in the system frame structure (e.g. at the end of SFNz) occurs at the BS Antenna Reference Point (ARP) (see reference point tR in Figure 6.4.1).
· A SIB/RRC message containing the projected reference time value and the corresponding reference point (the value of SFNz) is then transmitted during SFNx and received by a UE in advance of tR.
· The SIB/RRC message may indicate an uncertainty value regarding the value of reference time applicable to the reference point tR. The uncertainty value reflects (a) the accuracy with which a gNB implementation can ensure that the reference point tR (the end of SFNz) will actually occur at the ARP at the indicated reference time and (b) the accuracy with which the GrandMaster clock can be conveyed to the gNB. 
· The uncertainty introduced by (a) is implementation specific but is expected to be negligible and is therefore not further considered. 
· The use of hardware timestamping at the GrandMaster node and gNB is assumed to be used for (b) in which case a corresponding uncertainty of [U1ns] (RAN3 to verify) is expected to be introduced when conveying the master clock to a gNB.
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Figure 6.4.1 – BS SFN Transmissions
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Another source of uncertainty affecting the reference time value concerns the precision with which a UE can synchronize to gNB transmissions in a given IIoT cell. This uncertainty affects the case where a UE receives a SIB/RRC message that contains a reference time value that is relative to a specific point in the SFN structure e.g. end of SFNz. Similarly, the precision with which a gNB can synchronize to UE transmissions provides yet another source of uncertainty affecting the reference time value since it will impact the Timing Advance estimated by the gNB which the UE uses when adjusting the received reference time value to reflect the downlink delay. 
6.4.X.2.1	Synchronization to Downlink SFNs
Considering a range of factory cell radii for which multipath effects can be a factor this source of inaccuracy is expected to be no more than [250ns] (see [3] - RAN1 to verify). Note that this can be a contributing factor to the overall uncertainty of the reference time value established at a UE even in small IIoT cells for which no Timing Advance (TA) would typically be expected.
· The UE experiences a maximum sync error of [250ns] when estimating the point at which end of SFNz occurs on the DL.
· The UE establishes UL SFN sync according to its DL sync and thereby propagates the [250ns] DL sync error into all UL transmissions.
6.4.X.2.2	Synchronization to Uplink SFNs
Considering a range of factory cell radii for which multipath effects can be a factor this source of inaccuracy is expected to be no more than [250ns]. Note that this will be a contributing factor to the overall uncertainty of the reference time value established at a UE even in small IIoT cells for which no Timing Advance (TA) would typically be expected.
· The gNB experiences a maximum sync error of [250ns] when estimating the point at which end of SFNz occurs on the UL.
· The gNB determines a final TA value based on comparing where it should nominally receive the end of SFNz on the uplink (determined based on when the end of SFNz transmission occurs at the ARP) to where it estimates the end of SFNz as being received.
· The UE considers ½ the final TA as the applicable DL delay and is therefore the amount of time it adds to the reference time received from the gNB.
6.4.x.2.3	Timing Advance Uncertainty
Even when a UE is in an IIoT cell for which no TA would typically be expected (due to small cell radius) there can still be a non-zero final TA value that a gNB determines to be applicable based on the uncertainty of DL SFN sync at the UE and UL SFN sync at the gNB.
· Note that the final TA value sent to a UE is based on the latest best effort estimation of DL SFN sync at the UE and the latest best effort estimation of UL SFN sync at the gNB. As such, increasing the received reference time value by ½ the final TA value will always reflect the latest best efforts by the UE and gNB to perform SFN synchronization and therefore represents a best effort adjustment performed to establish an actual reference time.
· Considering that the gNB cannot determine or indicate what specific downlink and uplink uncertainties factor into the final TA, the UE considers the final TA as precise and therefore adjusts the received reference time value by ½ the final TA (i.e. the final TA is not considered as introducing an additional source of uncertainty for the reference time).
6.4.X.3	Total Reference Time Inaccuracy
Upon receiving a SIB/RRC message containing a reference time value a UE establishes an actual reference time by:
· Taking into account the uncertainty value included in the message used to convey the reference time. In the worst case this is expected to introduce an uncertainty of [±U1ns] per section 2.1 above.
· Taking into account the uncertainty associated with a UE attempting to synchronize to SFNs sent by a gNB. In the worst case this is expected to introduce an uncertainty of [±250ns] per section 2.2.1 above.





