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[bookmark: _Toc116995841][bookmark: _Ref131625174]Introduction
HST FR2 tunnel deployment is one of the objectives to be studied which is listed 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]



The recent RAN4#106 meeting made agreements on key aspects of tunnel deployment including general assumption, reference channel model and mobility issues in the tunnel, as follows [2]:
	1. Deployment scenarios
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 Scenario#1 (single-panel reception UE and DPS transition schemes)
· FFS: deployment assumption at the exit/entrance of the tunnel

1. Channel model
Agreement:
· Only consider LoS propagation conditions


1. Mobility issue
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



In this paper, we provide system level simulation results for some scenarios in the tunnel deployment to support our analysis in the accompanying paper [3], which focus on demonstrating:
· potential mobility issues at the tunnel entrance/exit.
· mobility performances of bi-directional deployment with single-panel reception.
· mobility performances with CHO handover approach in uni-direction scenario where the beams are pointing opposite to the train travelling direction.

[bookmark: _Toc116995842]Discussion
Mobility performances with NLoS condition at the tunnel entrance/exit
According to our analysis in [3], the beam coverage of the open-space RRHs at the tunnel entrance/exit is limited as the beam can be blocked by the tunnel’s outer wall. This is expected to have impacts to mobility performance in uni-directional deployment.  To understand possible impacts of this coverage issue, we have set up the following simulation to have an initial view on mobility performances in this scenario. 
Uni-directional deployment is considered for the RRH outside the tunnel (RRH1 in Figure). Assume that the beam’s main lobe from RRH1 is pointing to the entrance/exit of the tunnel. Depending on the tunnel’s dimension, the LoS paths can be seen up to d [m] inside the tunnel, meaning that NLoS-only condition will exist after distance d. Assume that the tunnel dimension is 6m of width (w) and 5.5m of height (DTunnel,height). According to the estimation in [3], d is 300m (vertical direction) and 22.1m (horizontal direction) for Scenario A, and 14.3m (vertical direction) and 22.6m (horizontal direction) for Scenario B, respectively. 



[bookmark: _Ref131602572]Figure 1: Example of coverage at the tunnel entrance/exit: (top) from the top view; (bottom) from the side view.
In the simulation, we assume that d=300m for Scenario A and d=22.6m for Scenario in order to look into the best possible cases. To enable the NLoS condition, we configure the probability of LoS defined in [5] as

Only non-DPS scheme (HO-based) is considered as our assumption is that open-space RRHs belong to different cell than those in the tunnel. However, the results for DPS scheme are expected similar as the problem related to the coverage. Other RRM parameters for the simulation follow the enhanced setting settings in Table 6.3.4.1.2-1 and general settings in Table 6.3.8.1-1 from [4].  Both train movement directions have been considered, “Same” meaning train traveling to the same direction as the RRH antennas and beams are pointing to, and “Opp” meaning train traveling to opposite direction from the RRH antenna and beam orientation. We show results without DRX (DRX 0) and with DRX cycles 40, 80 and 160 ms.
The mobility performances, i.e., time-of-outage and mobility failure rate are shown. For comparison, we also present the corresponding results for the solely open-space scenario, which have been reported in Section 6.3.4.1 [4], side-by-side with the new tunnel results (on the right side).

Transition from open-space Scenario-A to the Tunnel
This section shows the mobility performance when the train is moving into the tunnel from the open space (i.e., corresponding to moving in “Same” direction), and leaving the tunnel to the open space (i.e., corresponding to moving in “Opp” direction). The deployment in open space follows Scenario A.
[bookmark: _Hlk118715769]Figure 2 shows time-of-outage rate which the time is detected mainly when SINR drops below -8 dB or handover is executed. Time-of-outage is seen to clearly increase for the setup with limited LoS coverage, and the increase is significant for longer DRX cycles.
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[bookmark: _Ref131408057][bookmark: _Hlk131279486]Figure 2: Time-of-outage percentage in Scenario A: (left) when UE transits from open space to tunnel; (right) when UE is moving in open space [4].
[bookmark: _Hlk118715272]Figure 3 shows inter-cell mobility failure rate, where the rate is defined with formula (RLF+HOF)/(RLF+HOF+HO) * 100 [%]. We observed that the limited coverage issue does not have any impact when the train is moving same with the beam point direction. It is understandable seen the coverage inside the tunnel is sufficient (d=300m). However, failure rate is significantly increased when train is moving opposite to beam direction (i.e., leaving the tunnel). The failures occur even with DRX cycle less than 80ms which is not the case when the train only moving in the open space. This can be explained that UE does not see the next RRH early enough to make timely HO when it is about to leave the tunnel.
[image: ]    [image: ]
[bookmark: _Ref131602833]Figure 3: Inter-cell mobility failure rate in Scenario A: (left) when UE transits from open space to tunnel; (right) when UE is moving in open space [4].

Transition from open-space Scenario-B to the Tunnel
This section shows the mobility performance when the train is moving into the tunnel from the open space (i.e., corresponding to moving in “Same” direction), and leaving the tunnel to the open space (i.e., corresponding to moving in “Opp” direction). The deployment in open space follows Scenario B.
Figure 4 and Figure 5 show the time-of-outage percentage and inter-cell mobility failure rate, respectively. Similar to results considering the transition from Scenario A to the tunnel, the time-of-outage and mobility failure rate increase when taking into account the NLoS condition at the transition area. The impacts are also seen to be more significant for “Opp” direction. Moreover, we observed that mobility failure rate occurs when DRX is longer than 40ms in “Same” direction, which are not the case for the travelling only in the open space. This is because the coverage of the open-space RRHs at the tunnel entrance is more limited in the Scenario B (d=26m).
[image: ]    [image: ]
[bookmark: _Ref131607710]Figure 4: Time-of-outage percentage: (left) when UE transits from open space Scenario B to tunnel; (right) when UE is moving in open space [4].
[image: ]    [image: ]
[bookmark: _Ref131607713]Figure 5: Inter-cell mobility failure rate: (left) when UE transits from open space Scenario B to tunnel; (right) when UE is moving in open space [4].

[bookmark: _Toc131705484]NLoS condition at the transition area between open space and tunnel due to limited coverage of open-space RRH’s beam inside the tunnel has impact to mobility performances, i.e., increase the time-of-outage and mobility failure rate. 
Mobility performances for single-panel reception in bi-directional deployment
According to RAN4#106 WF [2], bi-directional deployment with single-panel reception is one of the configurations in tunnel scenario to be further studied. This section provides system simulation results on mobility performances of the bi-directional deployment inside the tunnel. The aim is to get insights what could be mobility issues that may occur in this deployment.
In this simulation, deployment parameters follow what were agreed in RAN4#105 [6]. RRM setting follows Table 6.3.4.1.2-1 and general settings follows Table 6.3.8.1-1 from [4]. Both non-DPS (HO-based) and DPS (L1-based) schemes are simulated. We report mainly the results with MT assumption 3 (simultaneous measurement) as it is the best case of mobility setting in bi-directional deployment with single-panel reception. This is to see the potential benefits offered by such deployment. For comparison, corresponding mobility performances from Scenario A presented in Section 6.3.4 are included.
Results with DPS (L1-mobility)
This section shows the result with DPS scheme. 
Figure 6 shows beam switch rate per CPE per second. Beam switch rate is seen slightly decreased compared to that in Scenario A.
[image: ]    [image: ]
[bookmark: _Ref131609830]Figure 6: Beam switch rate in bi-directional deployment with DPS (L1-mobility): (left) in Tunnel; (right) in open space Scenario A.
Figure 7 shows beam ping-pong rates, where beam switch is defined as ping-pong if it happens back-and-forth between the two same beams within 1 second. We observed that the ping-pong rate is relatively similar to Scenario in general, except for DRX 160 ms where the ping-pong rate considerably increases.
[image: ]    [image: ]
[bookmark: _Ref131610115]Figure 7: Beam ping-pong handover rate in bi-directional deployment with DPS (L1-mobility): (left) in Tunnel; (right) in open space Scenario A.
Figure 8 shows time-of-outage, which is seen to significantly increase in the tunnel compared to that in Scenario A.
[image: ]    [image: ]
[bookmark: _Ref131610372]Figure 8: Time-of-outage percentage in bi-directional deployment with DPS (L1-mobility): (left) in Tunnel; (right) in open space Scenario A.
Figure 9 shows beam failure indication rates per beam switches. Compared to when the train is travelling in the open space, the beam failure rate is seen higher in the tunnel, and the failure occurs even without applying DRX. The higher beam failure rate, as well as the time-of-outage, can be understood due to the connection of the UE’s active panel to the beam pointing opposite to its moving direction. As such bi-directional deployment faces the same mobility issues, although showing better mobility performances, if comparing to uni-directional “Opp” deployment.
[image: ]    [image: ]
[bookmark: _Ref131610533]Figure 9: Beam failure indication rate in bi-directional deployment with DPS (L1-mobility): (left) in Tunnel; (right) in open space Scenario A
Results without DPS (L3-mobility)
This section presents the results without DPS scheme applied (HO-based mobility). 
Figure 10 shows beam handover rate per CPE per second, and Figure 11 shows the ping-pong handover rate (defined as handover happens back-and-forth between the two same base stations within 1 second). We observed that the handover and ping-pong rates slightly decrease compared to when travelling in open space. 
[bookmark: _Hlk131454509][image: ]    [image: ]
[bookmark: _Ref131610825]Figure 10: Handover rate in bi-directional deployment without DPS (L3-mobility): (left) in Tunnel; (right) in open space Scenario A.
[image: ]    [image: ]
[bookmark: _Ref131611643]Figure 11: Ping-pong handover rate in bi-directional deployment without DPS (L3-mobility): (left) in Tunnel; (right) in open space Scenario A.
Figure 12 shows time-of-outage rate and Figure 13 shows inter-cell mobility failure rate (defined with formula (RLF+HOF)/(RLF+HOF+HO) * 100 [%]). As expected, time-of-outage and mobility failure rate are higher in the tunnel scenario. Similar to DPS scheme, the mobility problem occurs when the UE’s active panel is moving opposite to its serving beam direction. If compared to the uni-directional “Opp” deployment, bi-directional setting improves the mobility performance. 
[image: ]    [image: ]
[bookmark: _Ref131622837]Figure 12: Time-of-outage percentage in bi-directional deployment without DPS (L3-mobility): (left) in Tunnel; (right) in open space Scenario A.
[image: ]    [image: ]
[bookmark: _Ref131622846]Figure 13: Inter-cell mobility failure rate in bi-directional deployment without DPS (L3-mobility): (left) in Tunnel; (right) in open space Scenario A
[bookmark: _Toc131705485]Bi-directional deployment with single panel reception in tunnel scenario improve mobility performance but cannot completely solve the mobility issues in uni-direction deployment when the train is travelling opposite to serving beam direction, while inheriting similar ping-pong and HO frequency behaviours as in open space.

Mobility performances for uni-directional deployment using conditional HO
RAN4#106 agreed on the understanding about the mobility issue observed in uni-directional deployment inside the tunnel, and one of candidate solutions is to allow the network trigger early handover [6]
	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



To gain insights on the potential performance provided by Option 2a, we carry out the system level simulation performing the CHO while taking into account the triggering based on the distance between CPE and source RRH. In particular, we consider the same simulation setting for uni-directional “Opposite” deployment in tunnel as done previously [7], except that the setting for conventional HO is replaced by a more aggressive one, i.e., the condition for executing the HO is 
targert_RRH_RSRP > serving_RRH_RSRP + aggressive_RSRP_threshold
where aggressive_RSRP_threshold is -40dB in the simulation which is chosen according to the RSRP trace. Furthermore, the HO condition is checked only if the CPE is less than than DistToCondHO [m] from serving RRH.
Figure 14 shows the successful handover rate and ping-pong handover rate. We can observe that shorter HO triggering distance (DistToCondHO) results in lower handover rate and ping-pong rate.
[image: ]    [image: ]
[bookmark: _Ref131627082]Figure 14: Handover and ping-pong rate with early HO triggered in tunnel uni-directional “Opposite” deployment: (left) Handover rate; (right) ping-pong handover rate.
Figure 15 shows the time time-of-outage and inter-cell mobility failure rate. It is seen that DistToCondHO=30 is optimum for resolving the high outage and mobility failure rate inside the tunnel. Higher or lower DistToCondHO either is not sufficient to suppress the mobility problem or suffers higher failure/outage rate with high DRX setting. 
[image: ]    [image: ]
[bookmark: _Ref131627549]Figure 15: Time-of-outage and inter-cell mobility failure rate with early HO triggered in tunnel uni-directional “Opposite” deployment: (left) Handover rate; (right) ping-pong handover rate.
The above results suggest that early triggering the HO (conditional HO) with proper setting in the area close to source RRH potentially improves the mobility robustness inside the tunnel when the train is moving opposite to the serving beam pointing direction.
[bookmark: _Toc131705486]Early triggering the HO (conditional HO) with proper setting in the area close to source RRH can help to resolve the mobility issue in the tunnel when the train is travelling in the direction opposite to the serving beam orientation.

[bookmark: _Toc127533352][bookmark: _Toc127533353][bookmark: _Toc127533354][bookmark: _Toc127533355][bookmark: _Toc127533356][bookmark: _Toc127533357][bookmark: _Toc127533358][bookmark: _Toc127533359][bookmark: _Toc127533360][bookmark: _Toc127533361][bookmark: _Toc127533362][bookmark: _Toc127533363][bookmark: _Toc127533364][bookmark: _Toc116995848]Conclusion
In this paper we provided the system simulation results to gain the insights on mobility performances in some deployment scenarios and mobility configurations in the tunnel including:
· deployments at the tunnel entrance/exit
· bi-directional deployment with single-panel reception inside the tunnel
· CHO handover approach in uni-direction scenario where beams pointing opposite to the train moving direction.
Based on the simulation results, the following Observations were made:
Observation 1: NLoS condition at the transition area between open space and tunnel due to limited coverage of open-space RRH’s beam inside the tunnel has impact to mobility performances, i.e., increase the time-of-outage and mobility failure rate.
Observation 2: Bi-directional deployment with single panel reception in tunnel scenario improve mobility performance but cannot completely solve the mobility issues in uni-direction deployment when the train is travelling opposite to serving beam direction, while inheriting similar ping-pong and HO frequency behaviours as in open space.
Observation 3: Early triggering the HO (conditional HO) with proper setting in the area close to source RRH can help to resolve the mobility issue in the tunnel when the train is travelling in the direction opposite to the serving beam orientation.
[bookmark: _Toc116995849]
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