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Introduction
At the previous RAN4#101-bis-e meeting it was agreed to define a dedicated network signaling the can be used to enable/disable one-shot large timing adjustment mechanism in the UL [1]:
	· Agreement
· Dedicated new RRC based network signalling flag will be specified to enable/disable one shot large UL timing adjustment
· Such above RRC based network signalling is not limited to a particular FR2 HST deployment and/or scenarios, i.e., bi-directional scenario or uni-directional scenario



At the same time, several important issues related to the UL timing adjustment in HST FR2 deployments, especially at inter-RRH TCI state switch, left open:
· Value of timing difference threshold
· Benefits of introduction of network assistance signaling
· Accuracy of the proposed large one-shot UL timing adjustment procedure
· Scheduling restriction related to the large propagation delay difference at inter-RRH beam switching.
In this paper we share our view on the open issues listed above.
The analysis from this paper is reflected in our accompanying draftCR on timing adjustment for FR2 NR HST [2].


Discussion
In the previous RAN4#101-bis-e meeting it was agreed that UE shall apply one shot large timing adjustment on TCI switching occasion if UE measurement on DL timing difference is larger than a timing difference threshold. However, the value of the threshold, additional conditions and a need for network assistance signaling left open. Additionally, the discussion on a need of transmission/scheduling restriction was left without conclusion [1]:
	2.2 The value of timing difference threshold
· Agreement achieved in GTW on 25th Jan: 
· With network signaling to enable one shot large timing adjustment UE shall apply one shot large timing adjustment on TCI switching occasion if UE measurement on DL timing difference is larger than a timing difference threshold.
· Option 1: 9*64*Tc = CP/2
· Option 2: Tq = 4.5*64*TC = CP/4
· Option 3: Select a threshold from above options or new options, and the performance degradation due to timing error on both DL and UL to UE and network after TCI state switch is expected if network assistant signaling to inform UE on cross RRH TCI state switch is not introduced
· Other options are not precluded
· FFS, RRM requirement, and acceptable value of residual error in UE large one-shot UL timing adjustment.

2.4 Scheduling Restriction
· Way Forward: 
· Scheduling restriction related to large propagation delay difference caused by inter-RRH beam switching in FR2 HST: 
· FFS the necessity of UL scheduling restriction (i.e., the UE is not expected to transmit PUCCH/PUSCH/SRS) after cross-RRH TCI state switch until the first TRS is received after the TCI state switch.
· RAN4 introduce scheduling restriction for the symbol before and after reference symbols used for L1-RSRP measurement. 
· Such scheduling restriction shall be specified in clauses of L1 measurement (i.e., L1-SINR and L1-RSRP)



One possibility to treigger UE large one-shot timing adjustment mechanism is to define a threshold on the difference in the DL timing, as proposed in the draft CR [2]:
	For FR2 power class 6 UE configured with IE [highSpeedOneShotLargeULTimingAdjustmentFR2Flag], when UE is required to perform TCI state switching and the magnitude of the DL timing difference T exceeds H, the UE shall adjust its transmission timing in one adjustment only once provided that the following conditions are met at the UE. Otherwise when the magnitude of the T ≤ H then the UE shall adjust its transmission timing according to the rules defined in clause 7.1.2.1.
The UE transmit timing immediately after applying the one shot timing adjustment shall be: . After applying the one shot timing adjustment the UE shall adjust its transmission timing according to the rules defined in clause 7.1.2.1.
[bookmark: _Hlk95495584]Where: 
· T1 is the reception time at the UE just before the one shot large UL timing adjustment,
· T2 is the reception time to be used at the UE just after the one shot large UL timing adjustment,
· H is the threshold with the value of [TBD].



A diagram in Figure 1 illustrates the UL timing adjustment mechanism above, where UE timing advance in the source beam is TA = [image: ], and the value of the timing advance after the TCI state switch shall be TAnew = [image: ] - . The value of large one-shot timing adjustment in the UE UL timing is twice the DL timing difference.



Figure 1: A scheme of UL timing adjustment based on the propagation delay/timing difference in DL

The scheme above shows how the UL timing adjustment mechanism works in ideal case, i.e., without timing errors.
Considering a potential error in the DL timing, we get that  will be defined in the range of
[bookmark: _Hlk95498845],
where  is the possible error in DL timing.
Correspondingly, the estimation of necessary large one-shot timing adjustment will also contain an error:
.
Additionally, timing advance in the source beam TA =  might also have a timing error allowed by the specification in the limits of Te, and the UE UL transmit timing including possible errors will be:


There are, potentially, two main options to acquire DL synchronization for the UE at the TCI state switch:
1) UE can track DL timing for both source and target SSBs, then an estimation of DL timing accuracy could be based on the total BW covered by SSB/TRS signals and the UE clock drift in between consecutive transmissions of those.

Assuming 120 KHz SCS, 28.8MHz SSB BW, 74.88MHz TRS BW, 40 ms RS periodicity, and 0.1ppm clock drift, the possible error in DL timing () is
17.4 + 4 = 21.4 ns for SSB, and
6.7+4= 10.7 ns for TRS.
and the error in the DL timing difference evaluation is
= 21.4 ns based on TRS.

2) UE is not tracking timing of the target beam after SSB detection, then, some time will be needed to acquire DL synchronization to the target RRH. During this time the information about the DL timing of the source RRH will get outdated too.

The error in the DL timing to the source and target beams will be the same like in the case above, i.e., 10.7 ns for source and target beams, and 21.4 ns in total, based on TRS.

However, in addition to that, the DL timing information of the source beam will get outdated during the period of time needed for the UE synchronization to the target beam.  will not be equal to 0 even in the case of collocated (intra-RRH) beam switch or when the beam switch happens exactly in the middle in between the RRHs.
Only in the case when some sort of network assistance signaling is defined, and the UE is aware that the target beam has the same origin, the same UL timing as in the source beam can be used directly, i.e., without any further delays.

As an example, we take 4*40 = 160 ms as time needed for fine synchronization in DL: 1 SSB period from the last received SSB in the source beam and till the TCI state switch command (worst case) + 3 SSB periods to get in synch with a new beam (i.e., to receive several consecutive SSB/TRS signals).
The time offset will depend on the speed of the train. With maximum 97.2 m/s speed (350km/h), the train travels around 15.6 m in 160 ms, resulting in  = 52 ns. Hence, in the UL, this will result in a need for additional 104 ns timing adjustment even if the beams are collocated.

Below, we will focus primarily only on the UE that cannot continuously track UL timing, i.e., on the case (2) above.
Firstly, we will consider the situation without any network assistance signaling, i.e., the UE does not know beforehand whether the TCI state switch is within the same RRH or inter-RRH.

If  evaluated at the UE, i.e., , is below the threshold, then the UE will not perform one-shot timing adjustment, but will be able to adjust transmit timing only within Tq limits.
Hence, the total maximum error in the UL timing after the adjustment can be calculated as
,  if   	(1)
,  if   	(2)
where  is the timing offset due to the time needed for the synchronization to the target beam.

If  evaluated at the UE, i.e., , is above the threshold, then the UE will perform one-shot timing adjustment, and the total error in the UL timing after the adjustment can be again calculated as
	(3)

An error in the UE transmit timing after large one-shot timing adjustment is directly dependent on the error in the UE evaluation of the DL timing, which is not limited by any existing requirement.

After the large one-shot UL timing adjustment, the UE might make an additional autonomous timing adjustment following TS 38.133, clause 7.1.2.1, i.e., in the limits of Tq. Based on our evaluation, Tq = 147 ns shall be above  when DL timing as evaluated based on SSB. However, this additional adjustment may take some additional time and before that the UE might transmit in the UL with the error above the Te. Hence, such transmissions shall be prohibited in order to avoid interference and performance degradation.
Immediately after large one-shot UL timing adjustment, the UE can transmit in UL with a timing error above Te.
Since there are no requirement on the accuracy on the DL timing evaluation done by the UE, and the potential error of UL transmission can be above Te, the most straightforward solution would be to prohibit UL transmission before the UL timing is back within Te.
RAN4 to prohibit UE transition immediately after large one-shot UL timing adjustment until the timing error (i.e., of the first transmission after the TCI state switch) is within Te.

Note, that only expression (2) has a dependency on the UL threshold. If the threshold is too high, the  can get considerably larger than , then an error in the UL timing is getting high as well. On the other hand, if the threshold is small then UE transmit timing maximum error will be just  in most of the cases. The illustration of the upper bound of the UE UL transmit timing error after the adjustment is shown in the Figure 2 for the different values of DL timing error and for different thresholds on DL timing difference.
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Figure 2: Maximum possible error in the UE transmit timing after the adjustment for Terr= 10.7 ns (left) and Terr = 21.4 ns (right) and for different values of the threshold (110 – 150 ns).

Based on the analysis above the following observations can be made:
If the UE needs to synchronize to any target beam after the TCI state switch to evaluate the DL timing difference in between the source and the target beams, then a systematic error above Te can be always present in the UE transmit timing after the TCI state switch, i.e., on the level of , where  is an error in DL timing evolution.

The value of the threshold impacts the error in the UL transmit timing after the TCI state switch, especially if the timing difference is below the threshold. To avoid additional errors, it is preferred to select a lower threshold if the error in the DL timing evaluation is also low. For example, if DL timing is evaluated based on TRS with the error on the level of 10.7 ns, then the threshold can be around 3.5*64*Tc. However, if the error in DL timing evaluation is higher, e.g., on the level of 21.4 ns, then the threshold can be higher as well, e.g., as in Option 2: 4.5*64*Tc.
Based on our evaluations, an error in the DL timing evaluation () based on TRS can be on the level of 10.7 ns. Therefore, it is beneficial to select a lower threshold.
RAN4 to select a threshold on UE measurement of DL timing difference for triggering large one-shot UL timing adjustment on the level of 3.5*64*Tc = 115 ns.

If the UE knows that TCI states switch is within one RRH (intra-RRH), i.e., source and target RRHs have the same origin, then then the UE can use the same UL timing from the source beam directly. There is no need for the UE to wait for the explicit synchronization to the target beam, and no additional time offset  will appear. Consequently it will not be any additional error due to the DL timing difference evaluation, and the error in the UL transmit timing (eq. (1) and (2)) is mitigated.
Network signalling indicating inter-RRH TCI state switch to the UE can be beneficial to mitigate UL transmit timing error that appears due to a need to synchronize to the target beam in the case of intra-RRH TCI state switch.
Due to the very limited time left for the WI in release 17, we think that such network assistance signalling shall be as simple as possible and can be based on indication of inter-RRH TCI state switch in TCI state switch MAC CE, i.e., one additional bit.
RAN4 to introduce lightweight network signaling for the indication of inter-RRH TCI state switch to the UE, e.g., in the form of the one-bit flag in the TCI state switch command.
Use inter-RRH indication as a triggering condition for large one-shot UL timing adjustment.

Below, for reference, we list a few importance values based on the HST FR2 scenario assumptions and currently existing RRM timing requirements in FR2 at 120KHz SCS:
· Tc = 0.509 ns
· The CP length is 18*64*Tc = 586 ns
· Option 1: 9*64*Tc = CP/2 = 293 ns
· [bookmark: _Hlk95732204]Option 2: Tq = 4.5*64*Tc = CP/4 = 147 ns
· The range of residual TAC is ±2.1 μs with 2*64*Tc = 65 ns steps.
· When the transmission timing error between the UE and the reference timing exceeds ±Te then the UE is required to adjust its timing to within ±Te.
Te = 3.5*64*Tc = 227.5*0.506 ns = 115 ns
· The maximum autonomous timing adjust step Tq for FR2 in high-speed scenario is [4.5]Ts per 200 ms.
Tq =4.5* 32.552ns = 147 ns.


Conclusion
In this paper, we have analyzed further large one-shot large UL timing adjustment procedure, potential UL transmit timing errors, and a need for network signaling. 
The following proposals and observations were made:
1. An error in the UE transmit timing after large one-shot timing adjustment is directly dependent on the error in the UE evaluation of the DL timing, which is not limited by any existing requirement.
1. Immediately after large one-shot UL timing adjustment, the UE can transmit in UL with a timing error above Te.
1. RAN4 to prohibit UE transition immediately after large one-shot UL timing adjustment until the timing error (i.e., of the first transmission after the TCI state switch) is within Te.
If the UE needs to synchronize to any target beam after the TCI state switch to evaluate the DL timing difference in between the source and the target beams, then a systematic error above Te can be always present in the UE transmit timing after the TCI state switch, i.e., on the level of , where  is an error in DL timing evolution.
The value of the threshold impacts the error in the UL transmit timing after the TCI state switch, especially if the timing difference is below the threshold. To avoid additional errors, it is preferred to select a lower threshold if the error in the DL timing evaluation is also low. For example, if DL timing is evaluated based on TRS with the error on the level of 10.7 ns, then the threshold can be around 3.5*64*Tc. However, if the error in DL timing evaluation is higher, e.g., on the level of 21.4 ns, then the threshold can be higher as well, e.g., as in Option 2: 4.5*64*Tc.
RAN4 to select a threshold on UE measurement of DL timing difference for triggering large one-shot UL timing adjustment on the level of 3.5*64*Tc = 115 ns.
Network signalling indicating inter-RRH TCI state switch to the UE can be beneficial to mitigate UL transmit timing error that appears due to a need to synchronize to the target beam in the case of intra-RRH TCI state switch.
RAN4 to introduce lightweight network signaling for the indication of inter-RRH TCI state switch to the UE, e.g., in the form of the one-bit flag in the TCI state switch command.
Use inter-RRH indication as a triggering condition for large one-shot UL timing adjustment.
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