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[bookmark: _Toc116995841]Introduction
The NR_HST_FR2_Enh WI [1] listed HST FR2 tunnel deployment as one of the objectives to be studied
	· Study on reference tunnel deployment scenario for FR2 HST and specify the channel model and corresponding core requirements if any [RAN4]



This topic was actively discussed at the two previous RAN4 meetings. The recent RAN4#105 meeting has agreed on the WF [2]. While the general assumptions and key parameters for the tunnel deployment have been agreed in general, there is still a number of open issues that we discuss in the paper, as follows:
· Assumptions on the tunnel deployment scenarios- whether additional scenarios to be considered.
· Channel model for HST FR2 deployments.
· Assumptions on transition scheme.

[bookmark: _Toc116995842]Discussion
0. General assumption for tunnel deployment
RAN4#105 has agreed on the general assumption for tunnel deployment according to the WF [2]:
	1 [bookmark: _Hlk123682900]General assumption for tunnel deployment
Agreement:
· For tunnel deployment scenario
· Scenario #1: single-panel reception UE and DPS transmission scheme 
· FFS whether to consider additional scenarios 




The general assumption focused only on the deployment inside the tunnel while not paying attention to the deployment outside the tunnel. However, we note the fact that the train will enter/leave the tunnel from/to the open-space environment. This means the deployment setting would need to switch between open-space and tunnel scenarios. From the agreed general assumption, single-panel reception UE is primarily assumed meaning that uni-directional deployment is one of the main use cases. This raises a question about the assumptions for the deployment outside the tunnel. Let us now assume that uni-directional deployment is used both in open space and in the tunnel, and the beams of the tunnel RRHs are pointed in opposite directions to the beams of the open-space RRHs. Figure 1 illustrates two possible scenarios. In both cases, the connection of UE to the network will be lost, either at the entrance or at the exit of the tunnel. Such scenarios should be avoided. 



[bookmark: _Ref124155458]Figure 1. Different uni-directional deployment scenarios in open space and tunnel possibly causing connection failure  the entrance (top) and the exit (bottom) of the tunnel
[bookmark: _Toc127532691]
[bookmark: _Toc127550873]In some scenario the connection failure may occur at the tunnel entrance or exit of the tunnel if the open-space and tunnel deployments are mismatched, i.e., not provide proper coverage for the area between open-space and tunnel cells.

On the other hand, additional tunnel deployment scenarios are still open FFS. Since the agreement does not preclude the bi-directional deployment, thus one of the use cases of single-panel reception could be bi-directional deployment with simultaneously measurements. We note that if bi-directional deployment is used inside the tunnel, then it does not matter which deployment scenarios are used outside the tunnel as there is always coverage for the entrance and exit.
If bi-directional deployment is used inside the tunnel, then it does not matter which deployment scenarios are used outside the tunnel.

Furthermore, the recent RAN4#104bis-e [3] and RAN4#105 [4] meetings have focused on identifying mobility issues that may occur inside the tunnel. However, the mobility failures could occur not only inside the tunnel, but also at the entrance/exit when the train enters/leaves the tunnel. Figure 2 illustrates the case when tunnel and open space have the same uni-directional deployment. For uni-directional ‘Same’ (i.e., the train is traveling to the same direction as the RRH antennas and beams are pointing), there is a risk that LoS coverage of RRH1 (i.e., the last open-space RRH prior to the tunnel) cannot be maintained. Hence, signal quality from RRH1 is not sufficient to guarantee good mobility condition under the RRH2 (i.e. the first tunnel RRH), especially in Scenario B. This is because, depending on the tunnel dimensions, the beamformed-signal strength from RRH1 may probably be blocked by the tunnel outer surfaces since the distance between CPE’s antenna to the wall and ceiling are much smaller than Dmin and DRRH_height of RRH1. Thus, the signal strength from RRH1 could be degraded significantly.


[bookmark: _Ref118624570][bookmark: _Hlk118627041]Figure 2. Coverage issue at the tunnel entrance in uni-directional deployment ‘Same’ direction
For uni-directional ‘Opposite’ (i.e., the train is traveling to the opposite direction as the RRH antennas and beams are pointing), the similar above-mentioned issue may also occur but at the exit of the tunnel as can be seen in Figure 3, which could increase the time of outage since UE may not see the RRH3’s signals early enough to trigger the handover.


[bookmark: _Ref124155509]Figure 3. Coverage issue at the tunnel entrance in uni-directional deployment ‘Opposite’ direction
[bookmark: _Toc127532692]
[bookmark: _Toc127550874]In uni-directional deployments, connection between open-space RRHs and the UE when UE is at the entrance or exit of the tunnel deployment may not be reliable since signal from open-space RRHs could be degraded or blocked due to the tunnel outer surfaces.


However, for the bi-directional case, the issues analysed above may not be expected. As can be seen in Figure 4, there is always coverage from at least one RRH for the area outside the tunnel entrance or the tunnel exit. 
[bookmark: _Ref124156207]Figure 4. Bi-directional deployment inside the tunnel
[bookmark: _Toc127532693]
[bookmark: _Toc127550875]The coverage issue at the entrance and exit of the tunnel could be resolved if bi-directional deployment is used inside the tunnel.

Though bi-directional deployment could simply resolve the coverage issue at the entrance and exit of the tunnel, there are couple of issues need to be addressed. The first one is the similar mobility issue inside the tunnel which is identified in the previous contribution [3], i.e., mobility failure under tunnel-RRHs when the UE connects to the opposite beams. The second issue, which was discussed in Rel-17, is the frequent beam switches due to bad coverage under the RRH. Nevertheless, these two problems could be resolved by considering the UE’s multi-Rx reception capability. We note that multi-Rx reception is one of the study items in Rel-18 FR2 HST. Hence, tunnel deployment could also benefit from bi-directional deployment with UE’s multi-Rx capability.
[bookmark: _Toc127550876][bookmark: _Toc127532694]Bi-directional deployment in tunnel causes additional issues, i.e., mobility failure under tunnel-RRHs when the UE connects to the opposite beams and/or frequent beam switches due to bad coverage under the RRHs. However, these problems could be resolved by considering the UE’s multi-Rx reception capability.
[bookmark: _Toc127532695][bookmark: _Toc127550877]RAN4 to clarify assumption on open space deployment scenarios in conjunction with the tunnel deployments.
[bookmark: _Toc127532696][bookmark: _Toc127550878]RAN4 to consider a solution for the coverage issue at the entrance/exit of the tunnel in uni-directional deployment when train is entering or leaving the tunnel. 
[bookmark: _Toc127532697][bookmark: _Toc127550879][bookmark: _Toc127546100]RAN4 to additionally consider bi-directional deployment with multi-Rx schemes inside the tunnel. 

Reference channel model
Way-forward options for reference channel models have been summarized in RAN4#105 [2]:
	2 Reference channel model for tunnel scenario
Way forward:
Further analyse the channel model for tunnel scenario:
· Option 1: Re-use channel model from Scenario-A as LoS propagation assumption is valid in the tunnel deployment with pathloss model, fading model and link budget the same as Scenario-A (LoS)
· Option 2: Use LoS UMi street canyon channel mode for the RRM evaluations of HST FR2 tunnel deployment
· Option 3: Use multi-path fading model (e.g., with up to 2nd order multi-path components)
· Take int account measurement and ray-tracing analysis. 
· Option 4: Consider NLOS propagation condition when UE is around the RRH within 50m range for two directions.
Other options are not precluded 



Although the LoS propagation assumption is seen to be valid in the tunnel deployment, the characteristics of channel could be essentially different compared to the open-space propagation due to the waveguiding effect inside the tunnel, e.g., more reflections expected and different parameters for path loss model. This observation seems to be aligned with the initial simulation results. Ray-tracing analysis in [6] demonstrated a wide angular spread in azimuth angle. System simulation results reported in [4] suggested the impact of different path loss models to the mobility performance. Sufficiently accurate channel model is of crucial importance for numerical evaluation of the impact of tunnel deployment on RRM and Demod requirements under various transmitter and receiver configurations. For example, if multi-panel reception should be considered in tunnel deployment, the impact of reflections may need to be carefully assessed. Thus, Options 2 and 3 should be kept viable FFS.
[bookmark: _Toc127532699][bookmark: _Toc127550880]Options 2 (Use LoS UMi channel model) and 3 (Use multi-path fading model) for reference channel model for tunnel scenario should be kept as viable FFS.

On the other hand, Option 4 should be also further discussed. As analysed in our accompanying paper [4], the NLoS condition could be expected due to the fact that the beam of serving RRH likely cannot cover its shadow area under the RRH while there exist diffuse reflections/scattering caused by the roughness of the surface as, for example, illustrated below in the Figure 5. However, from the mobility performance perspective, the impact of NLoS condition on the HST deployments may be minor. More specifically, if we consider the uni-directional deployment in the tunnel, then the stronger NLoS propagation should be seen at the inactive panel as depicted in the figure since it seems to receive strongest reflection paths. The active panel could also see NLoS paths, but the signal level may be rather low as the result of high-order reflections. In addition, the NLoS area under the RRH is quite small in tunnel scenario which is few meters from the RRH since DRRH_height is close to DUE_height. For example, given the agreed deployment parameters for single-track railway [2], the NLoS region would be less than 5 meters in radius from the BS for which the train takes 50 ms to travel (see the figure of RSPR trace in [5]). This means that network side may not be able to react timely to the impact of NLoS condition.
We note that the analysis and simulation are made for uni-direction deployment. If bi-directional deployment would later be considered in the tunnel scenario, then the level of reflection/scattering paths received at each UE panel may be stronger compared to uni-directional case. However, the impact of NLoS area should not change much the mobility performance due to the short NLoS traveling distance.



Figure 5. Example on NLoS propagation under RRH: (top) top view; (bottom) side view

The impact of NLoS propagation under the RRH on the mobility performance, if exists, are expected to be minor.

Mobility issue
Several options addressing mobility issue in tunnel have been summarized:
	3 Mobility issue for tunnel scenario
Way forward:
Further discuss possible solutions to the mobility issue when the train is travelling opposite to the serving beam orientation:
· Option 1: L3 handover and L1 beam mobility configurations
· Option 2: Solutions that allow network to trigger early handover
· Option 3: Method in which UE initiates TCI state switch
· Other options are not precluded
FFS, the large and rapid RSRP degradation for tunnel scenario when multi-path fading and NLOS conditions next to RRH are considered.



First, we note that simulation results in [4] are based on assumptions and enhanced RRM requirements agreed in Rel-17. The main problem for mobility issue inside the tunnel, when the train is moving opposite to the serving beam direction, is that the signal strength nearby serving RRH drops sharply. As such, with the enhanced RRM requirements agreed in Rel-17, network cannot react fast enough to the variation of the signal quality. Figure 6 shows RSPR trace of serving and target RRH when UE is approaching the serving RRH in the direction opposite the serving beam. The figure is plotted with newly agreed deployment parameters in tunnel scenario. As can be seen, the serving RSPR takes roughly 51ms traveling time to be below the level of the target beam. The delay given by L3 handover and L1 beam mobility configurations are already small. Applying further enhanced scaling factor might help to improve without DRX scenario, but not with DRX. Hence, Option 1 may not be feasible.
[bookmark: _Toc127532701][bookmark: _Toc127550881][bookmark: _Toc127532702]Option 1 (L3 handover and L1 beam mobility configurations) for mobility issue in tunnel deployment may not be feasible.
[image: ]
[bookmark: _Ref127357329]Figure 6. RSRP trace when the train is approaching the serving RRH from the opposite direction of the serving beam.

On the other hand, Option 2 could be feasible to address the issue when L3/HO-based mobility is considered. The use of conditional HO (CHO) is also beneficial in this case because it does not need to wait for HO command from the NW. On the other hand, enabling of CHO with aggressive conditions will cause many unnecessary HOs. For example, from Figure 6 it can be seen that RSRP threshold should be negative to trigger HO, i.e., HO should take place when serving cell is still stronger than the target.
Negative impact on the other area can avoided by enabling CHO with such special settings only in the area next to the beam coverage edge, i.e., next to the RRH. 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.
[bookmark: _Toc127550882]The use of CHO is beneficial when HST FR2 CPE is moving in the opposite direction to the serving beam. However, special parameters can be used only in very limited area next to the RRH. 
[bookmark: _Toc127550883]RAN4 to consider enabling CHO with special settings in the area next to RRH to avoided RLFs due to fast signal drop at the edge of beam coverage.
[bookmark: _Toc127546112]
[bookmark: _Toc116995848]Conclusion
In this paper we provided further analysis for a number of open issues regarding to HST FR2 tunnel. The discussion focused on:
· a need of new assumptions for tunnel deployment
· feasible options for reference channel model inside the tunnel
· feasible options for mobility issue inside the tunnel 
In the paper, the following Observations and Proposals were made:
Observation 1: In some scenario the connection failure may occur at the tunnel entrance or exit of the tunnel if the open-space and tunnel deployments are mismatched, i.e., not provide proper coverage for the area between open-space and tunnel cells.
Observation 3: In uni-directional deployments, connection between open-space RRHs and the UE when UE is at the entrance or exit of the tunnel deployment may not be reliable since signal from open-space RRHs could be degraded or blocked due to the tunnel outer surfaces.
Observation 4: The coverage issue at the entrance and exit of the tunnel could be resolved if bi-directional deployment is used inside the tunnel.
Bi-directional deployment in tunnel causes additional issues, i.e., mobility failure under tunnel-RRHs when the UE connects to the opposite beams and/or frequent beam switches due to bad coverage under the RRHs. However, these problems could be resolved by considering the UE’s multi-Rx reception capability.
Proposal 1: RAN4 to clarify assumption on open space deployment scenarios in conjunction with the tunnel deployments.
Proposal 2: RAN4 to consider a solution for the coverage issue at the entrance/exit of the tunnel in uni-directional deployment when train is entering or leaving the tunnel.
Proposal 3: RAN4 to additionally consider bi-directional deployment with multi-Rx schemes inside the tunnel.
Observation 5: Options 2 (Use LoS UMi channel model) and 3 (Use multi-path fading model) for reference channel model for tunnel scenario should be kept as viable FFS.
Observation 7: Option 1 (L3 handover and L1 beam mobility configurations) for mobility issue in tunnel deployment may not be feasible.
Observation 8: The use of CHO is beneficial when HST FR2 CPE is moving in the opposite direction to the serving beam. However, special parameters can be used only in very limited area next to the RRH.
Proposal 4: RAN4 to consider enabling CHO with special settings in the area next to RRH to avoided RLFs due to fast signal drop at the edge of beam coverage.
[bookmark: _Toc116995849]
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