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[bookmark: _Toc116995841]Introduction
[bookmark: _Hlk131281055]HST FR2 tunnel deployment is one of the key scenarios to be studied in the NR_HST_FR2_Enh WI [1]:
	· [bookmark: _Hlk130998496]Study on reference tunnel deployment scenario for FR2 HST and specify the channel model and corresponding core requirements if any [RAN4]



At the previous RAN4#106 meeting several important agreements on tunnel deployment were achieved, including general assumptions, reference channel model and mobility issues in tunnel [2].
In this paper, we further discuss the issues which were kept open or not discussed in the previous meeting, as follows:
· Deployment assumptions at entrance/exit of the tunnel
· Channel modelling
· Mobility for opposite direction inside the tunnel
Our discussion focuses on assumption for tunnel deployments and potential solutions for mobility issues.

[bookmark: _Toc116995842]Discussion
[bookmark: _Ref131583107] Assumptions for tunnel deployment
RAN4#106 highlighted that single-panel reception and DPS transition schemes are the main priority for further study on tunnel deployment. Accordingly, the following open issues, especially related to the deployment assumptions at the tunnel’s entrance/exit, were captured in the RAN4#106 WF [2]:
	[bookmark: _Hlk131001616]Agreement:
· Scenario#2: Two-panel simultaneous reception scenario and analysis of corresponding transmission schemes in tunnel deployment has lower priority
Way forward:
· FFS: feasibility of uni- and bi-directional RRH deployments in Sceanario#1 (single-panel reception UE and DPS transition schemes)
· FFS: deployment assumption at the exit/entrance of the tunnel



As discussed in our previous paper [3], assumptions for deployments outside the tunnel are unclear. We note that, according to the assumptions (as well as illustrations) made in Rel-17 TR [4], RRHs even in unidirectional deployment are possibly equipped with two panels, each oriented into the opposite directions. If uni-directional deployment is used both inside and outside the tunnel, it might be possible that the orientation of the panels of the first tunnel RRH and of the last RRH in the open space are not the same. Such a mismatch may cause mobility issues, for example, missing coverage at the tunnel entrance/exit as illustrated in Figure 1 (top), or UE may see bi-directional-like deployment while being configured with uni-directional type as illustrated in Figure 1 (bottom).
Therefore, RAN4 should assume that deployment in the tunnel is the same as in the open space for further analysis, i.e., beams from the active panels of all RRHs are pointing into the same direction. The deployment, in practice, should also follow this assumption. Otherwise, a specific deployment scheme for RRHs mounted on tunnel’s entrance/exit may be needed to ensure robust mobility in this transition area.





[bookmark: _Ref131408057][bookmark: _Hlk131279486][bookmark: _Hlk131415668][bookmark: _Hlk131279503]Figure 1: Different uni-directional deployment schemes in the open space and tunnel scenarios: (Top) lacking coverage at the tunnel entrance; (bottom) channels at the area next to the entrance/exit have bi-directional characteristics

[bookmark: _Toc132023329]RAN4 to assume that the orientation of RRH panels in uni-directional deployments are the same for both tunnel and open space.

Another mobility issue that may occur at the tunnel entrance/exit is the unreliable connection to the serving/target cell in open space when the CPE is entering/leaving the tunnel. This is due to the signal blockage/limited coverage caused by tunnel outer surfaces. Such issue will be seen more severe in Scenario-B and/or when longer DRX cycle is applied. For example,
If we assume that
· a tunnel with dimensions: width (w) = 6m, and height (DTunnel,height ) = 5.5m 
· Open space RRH:  DRRH,height = 15m; CPE : DUE,height = 5m 
[bookmark: _Hlk131601209]We could roughly estimate that the coverage of RRH1’s beam behind the tunnel entrance/exit in vertical and horizonal direction are 300 m and 22.1 m for Scenario A,  and 14.3m and 22.6m for Scenario B, respectively (see Figure 2 and Figure 3 for the calculation). 
Scenario A: 
Scenario B: 



[bookmark: _Ref131280254]Figure 2: Example calculation of LoS coverage in vertical direction of RRH1 inside the tunnel (from the top view)



Scenario A: 
Scenario B: 

[bookmark: _Ref131280258]Figure 3: Example calculation of LoS coverage in horizontal direction of RRH1’s beam inside the tunnel (from the side view)

On the other hand, the distance from HO position to the target RRHs, for example in Scenario B when RRHs’ beams are are orientated in the same way with the train moving direction, is typically tens to hundreds of meters and proportional to the DRX cycle length, as illustrated in Figure 4. Thus, it is reasonable to expected that the HO may fail at the tunnel entrance or exit in such cases. Our system simulation results reported in [5] also suggested that mobility failure could occur at the tunnel entrance/exit.
[image: ]
[bookmark: _Ref131280242]Figure 4: CDF of HO distance to the target RRH in Scenario B uni-directional deployment with the RRH beam pointing same to the train moving direction. Only HO when train moving to the new cell is counted while ping-pong HO is excluded.
[bookmark: _Toc132023330]Mobility failure may occur at the tunnel entrance/exit as the coverage of open space RRH in the area inside the tunnel is limited, i.e., signals can be blocked by the tunnel outer wall.

This issue can be potentially resolved by placing the last open-space RRHs before the tunnel next to the railway track, e.g., following tunnel deployment parameters as for RRH2 shown in Figure 5.


[bookmark: _Ref131584924]Figure 5: Example of a special deployment for the open-space RRH next to the tunnel entrance

Alternatively, the use of bi-directional deployment inside the tunnel can eliminate such issue as the tunnel RRHs at two ends of the tunnel will provide sufficient coverage at the entrance/exit as illustrated in Figure 6 for example
[image: ]
[bookmark: _Ref131584928]Figure 6: Bi-directional deployment inside the tunnel

[bookmark: _Toc132023331]RAN4 to deployment assumptions to resolve possible mobility failure at the tunnel entrance exit:
a. [bookmark: _Toc132023332]either to assume at least one open-space RRH deployed close to railway, e.g., with tunnel deployment parameters or 
b. [bookmark: _Toc132023333]to assume bi-directional deployments in the tunnel.

Note that single panel reception is the priority scenario in tunnel deployment. It is worth noting that bi-directional deployment with single-panel reception in tunnel likely inherits the mobility problem identified in Rel-17, i.e., high ping-pong HO/beam switching rate, while it still sees the high failure rate if the active UE panel is connecting to the beam opposite to the train moving direction like unidirectional case. These problems can be observed through the system simulation results reported in our accompanying paper [5].
[bookmark: _Toc132023334]Bi-directional deployment with single-panel reception in the tunnel can resolve the mobility issue due to limited coverage at the tunnel entrance/exit but cannot improve the mobility robustness inside the tunnel if Rel-17 RRM requirements are followed.

Channel model
RAN4#106 agreed on channel condition assumption for RRM requirement and also pointed out the open issue for further discussion as follows:
The following WF was captured in RAN4#106 WF [2]:
	Agreement:
· Only consider LoS propagation conditions

Way forward:
· FFS: whether RRM session to decide propagation conditions which can be used for demodulation performance requirements:
· Option 1: Reuse FR2 HST channel model in TS38.101-4 and TS38.104.
· Option 2: Consider multi-path fading model (e.g., with up to 2nd order multi-path components)
· Other options are not precluded



Since the open issue now is the propagation conditions for demodulation performance evaluation, the related discussion should take place in Demod session.
RAN4 to discuss channel models for demodulation performance evaluation not in RRM but in Demod session. Since it was agreed at RAN4#106 meeting that only LoS conditions should be considered inside the tunnel, we do not think that any further discussed of channel modelling is needed in the RRM session.
[bookmark: _Toc132023335]RAN4 to continue the discussion of channel model inside the tunnel for performance evaluation in the Demod session.

Mobility issues in tunnel deployment
RAN4#106 reached the common understanding on the mobility issue seen in uni-directional deployment inside the tunnel when the train is moving opposite to the serving beam orientation. Towards solutions for this issue, WF [2] listed several candidate options 
	Agreement:
· Mobility issue at HO/beam switch when CPE is travelling in the direction opposite to the serving beam is observed due to the sharp drop of the signal strength at the edge of the beam next to the RRH.

Way forward:
· Consider possible solutions to the mobility issue:
· Option 2: Solutions that allow network to trigger early handover
· Option 2a: Enabling CHO with special settings next to the RRH
· Option 3: Method in which UE initiates TCI state switch as advanced capability
· Option 4: Define the beam allocation regions
· Option 5: No need to introduce new mechanism for mobility issue when the train is travelling opposite to the serving beam orientation
· Other options are not precluded



From the system simulation results reported in by us at RAN4#106 meeting[6], mobility failures likely occur for both L1 and L3 mobility with Rel-17 enhanced RRM requirements. Even without DRX, the failure rate is still unacceptably high. We note that there is no failure rate seen in Scenario A with the same beam orientation settings when DRX cycle is less than 80ms (Section 6.3.4.1 [4]). Therefore, the mobility issue inside the tunnel needs to be managed to ensure robustness of HST mobility, especially when the length of the tunnel is long. 
[image: ][image: ]L3 mobility
L1 mobility

Figure 7: Mobility failure rates in tunnel scenario: (Left) with L1-mobility mechanism (DPS/beam switching); (right) with L3-mobility mechanism (non-DPS/handover)

[bookmark: _Toc132023336]The mobility issue inside the tunnel needs to be managed by a specific mechanism to ensure robustness of HST mobility as the Rel-17 approach is not sufficient. This is especially needed in long tunnel cases.

[image: ]
[bookmark: _Ref127357329]Figure 8. RSRP trace when the train is approaching the serving RRH from the opposite direction of the serving beam.

As seen from RSRP trace in Figure 8 when the train is moving toward serving beam, the delta RSRP between the serving and target beam nearby the serving RRH are large, e.g., up to 35-40 dB when the train is 5m toward the source RRH. This suggests that conventional HO/beam switching approach (i.e., based on UE’s RSRP measurement reports and conventional threshold for signal qualities) will not work since HO/beam switch will not be triggered until the CPE is right under RRH where there is likely no coverage from the serving beam. As such HO/Beam switch needs to be triggered early enough taking into account the distance between the UE to the source RRH. 
[bookmark: _Toc132023337]To resolve the mobility issue in the tunnel, approaches to early triggering of HO/beam switch taking into account the distance to the source RRH are needed.
Triggerring of HO/beam switch well beforethe new target RRH can increase successful HO/beam switch rate as it will reserve sufficient time for signalling and HO/beam switch. However, extended triggering distance results in longer time when UE stays in low SINR region as UE may suffer extremely high interference from the previously serving RRH after it switches to the new RRH. This not only degrades the throughput performance but also may cause additional radio link problem, implying a trade-off between mobility and throughput performance regarding to the HO/beam switching offset.
[bookmark: _Toc132023338]There is a trade-off between mobility and throughput performances w.r.t. the early HO/beam switch triggering distance, i.e., further the triggering distance increases successful HO/beam switch rate but results in a longer time that UE stays in low SINR region and vice versa.
The train moving direction and the distance to the source RRH can be estimated, e.g., by tracking the changes of FO or UL/DL timing offset. It could be done either at network or UE side, though the mechanisms may be complex. Basically, network could track the UE’s position along the track and trigger the HO when it sees UE close the source RRH without supports of UE RSRP measurement reports. However, this approach requires highly accurate distance estimation and relevant distance-triggering threshold to avoid making HO/beam switch too early or too late. Those may be challenging to achieve in practice since UE speeds may not be exact 350km/h but vary; the relevant threshold for triggering distance is dependent on deployment parameters, i.e., DRRH_height and Dmin in tunnel, which is not always as assumed in this study item. 
[bookmark: _Toc132023339]Implementation-based solution in which network decides on its own (i.e., not based on UE RSRP measurement report but UE location information relative to the source RRH) when to make early HO/beam switch may be highly challenging for practical implementation.
On the other hand, the use of conditional HO (CHO)/beam switch based on aggressive triggering conditions taking into account UE’s distance to source RRH, as discussed in [3], may be more beneficial for this mobility issue. Specifically, the RSPR threshold for HO/beam switch is set negative to force the RRH switching happened when the serving beam RSPR is still much stronger than the best target-beam RSPR. This special setting is only applied when UE is seen in the area next to the beam coverage edge, i.e., next to the RRH. Such mechanism reduces the requirement on a highly accurate positioning method, while avoid unnecessary ping-pong HOs/beam switches caused by applying aggressive conditions. Note that the CHO configuration made over RRC is rather slow but can be done beforehand. Then, the actual enabling of CHO at the UE can be done based on lightweight NW signalling.
System simulation results in our accompanying paper [5] demonstrated the potential capability of such CHO approach in resolving the mobility issue in the tunnel.
[bookmark: _Toc127550882][bookmark: _Toc132023340]The use of CHO which is only triggered in very limited area next to the RRH is beneficial when HST FR2 CPE is moving in the opposite direction to the serving beam. 
[bookmark: _Toc127550883][bookmark: _Toc132023341][bookmark: _Hlk131626038]RAN4 to consider enabling CHO with special settings in the area next to RRH to improve mobility robustness for uni-directional deployment in the tunnel.
If bi-directional deployment with multi-panel reception is used, then the selection RRHs’ active panels following UE moving direction is not needed.
[bookmark: _Toc132023342]RAN4 to consider bi-directional deployment with simultaneous multi-panel reception in the tunnel scenario to alleviate the mobility issues inside the tunnel.

[bookmark: _Toc116995848]Conclusion
In this paper we provided further analysis for the following issues regarding to HST FR2 tunnel deployment:
· further assumption for deployment in the open space area next to the tunnel 
· potential mobility issue that may occur at the tunnel entrance/exit
· solutions for mobility issue seen inside the tunnel 
The following Observations and Proposals were made:
Proposal 1: RAN4 to assume that the orientation of RRH panels in uni-directional deployments are the same for both tunnel and open space.
Observation 1: Mobility failure may occur at the tunnel entrance/exit as the coverage of open space RRH in the area inside the tunnel is limited, i.e., signals can be blocked by the tunnel outer wall.
Proposal 2: RAN4 to deployment assumptions to resolve possible mobility failure at the tunnel entrance exit:
a.	either to assume at least one open-space RRH deployed close to railway, e.g., with tunnel deployment parameters or
b.	to assume bi-directional deployments in the tunnel.
Observation 2: Bi-directional deployment with single-panel reception in the tunnel can resolve the mobility issue due to limited coverage at the tunnel entrance/exit but cannot improve the mobility robustness inside the tunnel if Rel-17 RRM requirements are followed.
Proposal 3: RAN4 to continue the discussion of channel model inside the tunnel for performance evaluation in the Demod session.
Observation 3: The mobility issue inside the tunnel needs to be managed by a specific mechanism to ensure robustness of HST mobility as the Rel-17 approach is not sufficient. This is especially needed in long tunnel cases.
Observation 4: To resolve the mobility issue in the tunnel, approaches to early triggering of HO/beam switch taking into account the distance to the source RRH are needed.
Observation 5: There is a trade-off between mobility and throughput performances w.r.t. the early HO/beam switch triggering distance, i.e., further the triggering distance increases successful HO/beam switch rate but results in a longer time that UE stays in low SINR region and vice versa.
Observation 6: Implementation-based solution in which network decides on its own (i.e., not based on UE RSRP measurement report but UE location information relative to the source RRH) when to make early HO/beam switch may be highly challenging for practical implementation.
Observation 7: The use of CHO which is only triggered in very limited area next to the RRH is beneficial when HST FR2 CPE is moving in the opposite direction to the serving beam.
Proposal 4: RAN4 to consider enabling CHO with special settings in the area next to RRH to improve mobility robustness for uni-directional deployment in the tunnel.
Proposal 5: RAN4 to consider bi-directional deployment with simultaneous multi-panel reception in the tunnel scenario to alleviate the mobility issues inside the tunnel.
[bookmark: _Toc116995849]
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