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Introduction
The discussion about the work item for high-speed operation in FR2 has been going on for a couple of meetings [1]. In the last meeting, we provided simulation analysis related to deployment scenarios and RRM requirements [2]. In this contribution, we provide an extended set of results including scenarios with DPS.
In the contribution, we show results for:
· Handover rate
· Ping pong handover rate
· Beam switch rate
· Inter-cell mobility failure rate (RLF + HOF)
· Beam failure indication rate
· Time-of-stay in cell
· Time-of-outage percentage per call (including handovers)
· SINR distributions
· Ds_Offset
· Beam dwelling time
Simulation assumptions
We have performed fully dynamic system-level simulations with train speed 350 km/h in both uni- and bi-directional Scenarios A and B using non-SFN and non-DPS deployment. In these simulations we assume each BBU has only one RRH creating a challenging mobility scenario to test the requirements. We have also simulation results for DPS deployments in all scenarios. In addition to updating D_min and D_s values according to the latest agreements, we have added simulation settings for DRX with long cycles 40, 80, 160, 256 and 320 ms compared to our previous paper [2]. We have also modified simulation parameters for DRX disabled case to comply with FR2 minimum requirements [3] for measurement periods, cell detection delay, and RLM/BFD monitoring assumptions. Table 1 has a detailed list of system simulation parameters.
[bookmark: _Ref68089613]Table 1: Detailed system-level parameter settings
	Simulation parameter
	Value

	Number of sites (separate gNBs)
	12

	Inter-site distance (ISD, Ds)
	700 m

	RRH distance to track (Dmin)
	10, 150 m (Scenario A, B)

	RRH height (D_RRH_Height)
	15 m

	CPE height (D_CPE_Height)
	5 m

	Carrier frequency
	28 GHz

	Bandwidth
	50 MHz

	Subcarrier spacing
	120 KHz

	Propagation and channel model
	TR 38.901 RMa with LOS only [4]

	RRH TX output power
	31 dBm

	RRH antenna panel
	[Mg, Ng, M, N, P] = [1, 1, 8, 8, 2]
Panel is pointing towards the track at the x-axis where the next site is situated (ISD away)

	RRH antenna panel direction in relation to train in uni-directional deployments
	Opposite direction (train moves east, RRHs pointing west)
Same direction (train moves east, RRHs pointing east)

	SSB beams per RRH
	Uni-directional:
1 beam:
Pointing into the boresight of the RRH antenna panel
2 beams:
One beam is pointing into the boresight and the other beam is pointing 20 degrees towards the track from boresight
4 beams:
One beam is pointing into the boresight and the other beams are pointing 20, 40, 60 degrees towards the track from boresight

Bi-directional:
1 beam:
Pointing into the boresight of the RRH antenna panel
2 beams:
One beam is pointing into the boresight and the other beam is pointing towards the track at Ds/2
4 beams:
One beam is pointing into the boresight and the other beams are pointing towards the track at Ds/2, Ds/4, Ds/8

	CPE (Train) speed
	350 km/h

	CPE antenna panel
	[Mg, Ng, M, N, P] = [1, 1 or 2, 4, 4, 2]
In uni-directional case where RRHs point east CPE has one antenna panel pointing west
In bi-directional case CPE has two antenna panels pointing to 180 degrees opposite directions (west-east)
MPUE assumption: only one panel can be used at a time for measurements

	Number of beams per CPE panel
	1 beam (even though it is 1, scaling factor 8 is assumed for RRC measurements, L1 measurements and cell detection delays in  simulations)

	Traffic
	DL Full Buffer

	Inter-cell interference
	Only one train with one CPE is simulated meaning there is no inter-cell interference

	DRX
	DRX disabled (DRX 0), 40, 80, 160, 256, 320  ms cycles

	SMTC period
	20 ms

	Handover assumptions
	Event A3 with SS-RSRP
Offset: 3 dB
Time-to-trigger: 80 ms

	RRC measurement period
L1 RSRP measurement period
	Note: N=8 assumed in scaling
DRX 0: 480 ms
DRX 40: 1440 ms
DRX 80: 2880 ms
DRX 160: 5760 ms
DRX 256: 9216 ms
DRX 320: 11520 ms

	Cell detection delay
(TPSS/SSS_sync_intra)   
	Note: N=8 assumed in scaling
DRX 0: 600 ms
DRX 40: 1440 ms
DRX 80: 2880 ms
DRX 160: 5760 ms
DRX 256: 9216 ms
DRX 320: 11520 ms

	RLM assumptions
	Note: N=8 assumed in scaling
TEvaluate_out_CSI-RS: 600, 3600, 7200, 14400, 23040, 28800 ms (DRX 0, 40, 80, 160, 256, 320)
TEvaluate_in_CSI-RS: 300, 1800, 3600, 7200, 11520, 14400 ms (DRX 0, 40, 80, 160, 256, 320)
N310: 2 samples
N311: 2 samples
Qout threshold SINR: -8 dB
Qin threshold SINR: -6 dB

	BFD assumptions
	Note: N=8 assumed in scaling
TEvaluate_BFD_CSI-RS: 300, 1800, 3600, 7200, 11520, 14400 ms (DRX 0, 40, 80, 160, 256, 320)

	Simulation length
	100 seconds (20 drops of 100 seconds simulated, and statistics samples are gathered from all drops)



Simulation results and observations
Uni-directional deployment without DPS
Figure 1 shows the successful handover rate normalized per CPE per second. We observe an expected behavior that longer DRX cycles significantly decrease the handover rate. This is caused by significantly longer measurement filtering as seen in Table 1. Ping-pong handovers shown in Figure 2 are rare with any simulated DRX cycle for the same reason. A ping-pong is observed when there are two handovers back-and-forth between same cells during one second. Handovers and ping-pong handovers are more frequent in Scenario-B than Scenario-A without DRX. When DRX is applied the comparison between the Scenarios becomes more mixed.
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[bookmark: _Ref68090026][bookmark: _Ref78894654][bookmark: _Ref68090408]       Figure 1 Handover rate                                                 Figure 2 Ping-pong handover rate
Observation 1: For uni-directional Scenarios A and B, handovers due to ping pong are reduced  when DRX > 40 ms. 
Figure 3 shows successful beam switch rate normalized per CPE per second. We have simulated Scenario A only with one beam per RRH so beam switches are obviously missing in that scenario as well as with option for Scenario B setting one beam per RRH. In the cases with 2-4 beams per RRH we see that beam switches are much more common in cases without DRX and become less and less frequent the longer DRX cycle is applied. This is caused by longer L1 RSRP filtering used with DRX.
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[bookmark: _Ref68091113]Figure 3 Beam switch rate
Figure 4 and Figure 5 show inter-cell mobility failure rates ((RLF+HOF)/(RLF+HOF+HO) * 100%) and beam failure indications rates respectively. We observe that generally both of the failure rates stay very low with DRX cycles up to 80 ms. Particularly in cases where RRH is pointing to opposite direction of train mobility failure rates are high with DRX cycles 256-320 ms. There results indicate that if N=8 scaling factor is used, DRX cycles above 160 ms do not guarantee robust inter-cell mobility.
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[bookmark: _Ref68092109][bookmark: _Ref68092149]          Figure 4 Inter-cell mobility failure rate (RLF + HOF)                     Figure 5 Beam failure indication rate
Observation 2: For unidirectional Scenarios A and B, inter-cell mobility failure rates are high for DRX ≥ 256 ms when HST travels in the opposite direction as the beams as compared with case where HST travels in the same direction. 
Figure 6 shows average time-of-stay (ToS) in a cell. As expected, ToS follows the inverse pattern compared to handover rate so without DRX the ToS times are much shorter than with longer DRX. We also observe that with longest DRX cycles the average ToS become longer than it takes the train to travel one Ds of 700 meters.
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[bookmark: _Ref68093107]Figure 6 Average time-of-stay in cell

Time-of-outage (ToO) is an important metric to analyze the mobility performance because it also considers periods of low signal quality (SINR) that are observed prior to detection radio link problem or beam failure indication. These specified detections can be delayed by using longer filtering based on minimum requirements with DRX particularly in FR2, but ToO metrics capture those situations of low SINR as well. Figure 7 shows the total ToO percentage per call, which includes on top of low SINR periods also handover execution time, which is set to 40 ms per each handover in these simulations. We observe longer time-of-outage for the cases where RRHs are pointing to opposite direction of train traveling direction. This effect is emphasized with longer DRX cycles, where also mobility failures started to occur in significant amount. Also in cases where RRHs are pointing to same direction as train is traveling the longest DRX cycles start to cause long time-of-outage.
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[bookmark: _Ref78894668][bookmark: _Ref78894572]Figure 7 Time-of-outage percentage per call (including handovers)
[bookmark: _Ref68094535]Observation 3: For unidirectional Scenarios A and B, time-of-outage is high for DRX ≥ 256 ms when HST travels in the opposite direction as the beams as compared with case where HST travels in the same direction.
Figure 8 shows SINR distributions for Scenario A with 1 beam per RRH and Scenario B with 1, 2 and 4 beams per RRH. We observe that the delays in measurements caused by DRX can lead into lower SINR level showing problems particularly in case where RRHs are pointing to opposite direction of train movement. Also this statistics shows that when assuming N=8 scaling of measurement period etc. DRX cycles over 160 ms do not guarantee good performance.
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[bookmark: _Ref78894688][bookmark: _Ref78894618]Figure 8 SINR distributions
Observation 4: For unidirectional Scenarios A and B, SINR values are low and they can not guarantee performance when DRX > 160 ms.
Figure 9 shows average distance to target cell after handover in meters for uni-directional cases. Positive values indicate that the train has passed the location of RRH of a cell before handover is performed towards it. The results show that in all uni-directional cases where RRH direction is same as train movement the average is such that train has typically clearly passed the RRH location before handover is performed. In Scenario A without DRX the average distance is shortest (about 150 meters) and highest with the longest DRX cycle setup (over 1000 meters). In Scenario B multiple beams per RRH clearly decreases the offset due to added strong coverage area near the RRH location. As expected, distance to target cell is negative when RRHs are pointing to opposite direction of train movement so handover happens before CPE has passed the RRH location. Handovers in this case get more delayed and closer to RRH location with longer DRX cycles.
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[bookmark: _Ref79153857]Figure 9 Average distance to target cell after handover for uni-directional cases
Observation 5: For unidirectional Scenarios A and B, Ds_Offset increases with DRX.
Observation 6: For uni-directional Scenario B, increasing the number of beams would reduce Ds_Offset when DRX cycle is short. 

Bi-directional deployments without DPS
Figure 10 shows handover rate per CPE per second for bi-directional deployments with 1, 2 and 4 beams per RRH. We observe very significant decrease in handover rate with longer DRX cycles. Adding more beams per RRH increases the amount of handovers, which can be caused by broader overlap of cell dominance areas. Similar aspects can be observed also from the ping-pong handover rates in Figure 11. Ping-pongs are rare or even completely absent with longer DRX cycles than 40 ms.
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[bookmark: _Ref78959324]Figure 10 Handover rate                                                Figure 11 Ping-pong handover rate
[bookmark: _Hlk79132874]Observation 7: For bi-directional Scenario B, ping pongs are reduced when DRX > 40 ms. 
Figure 12 shows beam switch rate per CPE per second. In case with only 1 beam per RRH the switches are absent as expected. For cases with 2-4 beams per RRH the DRX cycle length has significant effect on the beam switch rate and the rate drops from 0.2-0.5 to clearly under 0.05 when comparing no DRX and DRX cycle 256-320 ms.
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[bookmark: _Ref78959734]Figure 12 Beam switch rate
Figure 13 shows inter-cell mobility failure rate and we observe that in bi-directional scenario mobility works in robust way up to DRX cycle 80 ms, when we assume N=8 scaling for Rx beams. For DRX cycles 160 ms and above the failure rates are above 10% with 1 beam per RRH. Failure rates are lower with more beams per RRH due to improved coverage in Scenario B, but still too high to provide robust mobility. Figure 14 shows beam failure indication rates, which stay low with DRX cycles up to 80 ms and increase to about 0.1 BFI/CPE/s with longer DRX cycles.
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[bookmark: _Ref78960037]    Figure 13 Inter-cell mobility failure rate (RLF + HOF)                        Figure 14 Beam failure indication rate
Observation 8: For bi-directional Scenario B, inter-cell mobility failure rates are high for DRX ≥ 160 ms. 
Figure 15 shows average Time-of-Stay (ToS) in cell, which behaves the opposite way as the handover rate when comparing different DRX and beam settings. With longer DRX the ToS lengths increase to much longer numbers than would be expected from the deployment. The train moves across one Ds in 7.2 seconds and considering bi-directional scenario where one RRH covers about Ds/2 the ToS rates are clearly too long with DRX cycles above 80 ms, when considering N=8 scaling.
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[bookmark: _Ref78960411]Figure 15 Time-of-stay in cell
Figure 16 shows time-of-outage percentage per call and it emphazises the conclusions from other results that DRX cycles above 80 ms are not providing robust mobility with N=8 scaling as the time-of-outage rates are tens of percents.
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[bookmark: _Ref78960766]Figure 16 Time-of-outage percentage per call (including handovers)
[bookmark: _Hlk79133295]Observation 9: For bi-directional Scenario B, time-of-outage is high for DRX ≥ 160 ms.
Figure 17 shows SINR distributions with different beam settings in different charts comparing the DRX settings. We observe that DRX cycles above 80 ms cause SINR < 0 dB to occur very frequently indicating poor mobility performance. Particularly with no DRX and DRX 40 ms the SINRs are very good in this scenario (mostly above 20 dB and almost always above 0 dB).
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[bookmark: _Ref78960970]Figure 17 SINR distributions
Observation 10: For bi-directional Scenario B,  SINR values are low and they can not guarantee performance for DRX ≥ 160 ms.

Uni-directional deployment with DPS
In this section we present simulation results for uni-directional deployments with DPS. Figure 18 shows beam switch rate with different RRH orientations, beam configurations and DRX cycle lengths. We observe clear impact on beam switch rate from the beam configuration and DRX cycles. RRH orientation, whether it is opposite or same compared to train movement does not have a big impact to beam switch rate with no DRX or DRX cycles of 40-80 ms. However, with DRX cycles longer than 160 ms the opposite direction to train movement has much smaller rate of beam switches. This is cause by the similar problem as we saw in section 3.1 for non-DPS case. Train moves quickly out of coverage of the serving beam/RRH when moving towards the beam that is pointing opposite to train movement. Also in general the beam switch rate drops with longer DRX cycles. Figure 19 shows beam switch ping-pong rates, where switch is performed back and forth between two same beams within 1 second. Beam ping-pongs do not happen with longer DRX cycle than 80 ms.
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[bookmark: _Ref78974380]Figure 18 Beam switch rate                                             Figure 19 Beam ping-pong rate
Observation 11: For unidirectional Scenarios A and B with DPS, beam ping pongs are reduced when DRX ≥ 80 ms.
Figure 20 shows significantly increased amount of beam failure indications with DRX cycles above 80 ms particularly in uni-directional case where RRH direction is opposite to train movement direction. We also observe that Scenario-A with RRH direction opposite to train movement can cause some beam failure indications even without DRX.
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[bookmark: _Ref78974896]Figure 20 Beam failure indication rate
Observation 12: For unidirectional Scenarios A with DPS, beam failure indications are high when HST moves in opposite direction to the beams for DRX ≥ 80 ms.

Figures 21-23 show average beam dwelling times for uni-directional DPS scenarios with 1, 2 and 4 beams per RRH. All results are shown without DRX impacts. We observe from 1 beam per RRH case that Scenario A has longer beam dwelling times than Scenario B. This is inline with results in Figure 18 showing more beam switches in Scenario B causing shorter dwelling times. Scenario B has less uniform coverage area at the track due to longer Dmin, which can cause extra beam switching. Figure 22 shows 2 beams per RRH results and we observe that beam dwelling times are much shorter on the Beam 0 that is pointing more towards the track from antenna boresight. The dominance are of that beam is smaller than Beam 1. Figure 23 shows similar impact in 4 beams per RRH scenario, where Beam 0 is typically used only below 500 ms at a time, but Beam 3 is used over 2500 ms.
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Figure 21 Average beam dwelling times with 1 beam per RRH
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[bookmark: _Ref78975418]Figure 22 Average beam dwelling times with 2 beams per RRH
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[bookmark: _Ref78975507]Figure 23 Average beam dwelling times with 4 beams per RRH
Observation 13: In unidirection multi-beam Scenario B, beam coverage is non-uniform leading to non-uniform beam dwelling time; the beam with the shortest direct propagation distance has the smallest coverage and, hence, the shortest dwelling time.  

Bi-directional deployment with DPS
In this section we present results for bi-directional deployments with DPS. Figure 24 shows the beam switch rate with different beam configurations and DRX cycle lengths. We observe that beam switch rate is significantly impacted by the DRX cycle length. As expected, also the number of beams per RRH has impact to the results. Beam switch rate varies from 0.6-1.1 switches/UE/s without DRX to under 0.2 with DRX cycle 320 ms. Figure 25 shows beam ping-pong rate and we observe clear drop in beam ping-pongs with longer DRX cycles. This is caused by the long L1 RSRP filtering when considering N=8 scaling.
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[bookmark: _Ref78980658]Figure 24 Beam switch rate                                            Figure 25 Beam ping-pong rate
Observation 14:  For bidirectional Scenario B with DPS, beam ping pongs are reduced when DRX ≥ 80 ms. 
Figure 26 shows beam failure indication rates and we observe very low failure rates without DRX and also with 40-80 ms DRX cycles. Failure rate increases significantly with DRX cycle 160 ms and above indicating mobility problems, when having N=8 scaling included. This is inline with the previous sections results in this paper.
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[bookmark: _Ref78980932]Figure 26 Beam failure indication rate
[bookmark: _Hlk79138495]Observation 15:  For bidirectional Scenario B with DPS, beam failure indications are high when DRX ≥ 160 ms. 
Figures 27-29 show beam dwelling times without DRX impact for beam configurations 1, 2 and 4 beams per RRH as well as separate statistics for RRHs pointing opposite and same direction compared to train movement. We observe that in bi-directional Scenario-B RRH direction does not have a significant impact on beam dwelling times. From Figure 28 we observe that Beam 0, which is pointing more towards the track, has shorter dwelling times than Beam 1. This is inline with the uni-directional deployment results. When we increase the number of beams per RRH to 4 in Figure 29, dwelling times are behaving partially differently than in uni-directional scenarios. Beam 0 has still the shortest dwelling times, but other beams have quite equal average dwelling times. This can be caused by the overlaps between the RRHs, which makes beam switches much more frequent than in uni-directional scenario.
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Figure 27 Average beam dwelling times with 1 beam per RRH
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[bookmark: _Ref78981240]Figure 28 Average beam dwelling times with 2 beams per RRH
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[bookmark: _Ref78981310]Figure 29 Average beam dwelling times with 4 beams per RRH

Conclusion
In this paper we provided detailed system-level mobility performance results for NR HST in FR2. Based on the simulation results we observe the following:
Observation 1: For uni-directional Scenarios A and B, handovers due to ping pong are reduced  when DRX > 40 ms. 
Observation 2: For unidirectional Scenarios A and B, inter-cell mobility failure rates are high for DRX ≥ 256 ms when HST travels in the opposite direction as the beams as compared with case where HST travels in the same direction. 
Observation 3: For unidirectional Scenarios A and B, time-of-outage is high for DRX ≥ 256 ms when HST travels in the opposite direction as the beams as compared with case where HST travels in the same direction.
Observation 4: For unidirectional Scenarios A and B, SINR values are low and they can not guarantee performance when DRX > 160 ms
Observation 5: For unidirectional Scenarios A and B, Ds_Offset increases with DRX.
Observation 6: For uni-directional Scenario B, increasing the number of beams would reduce Ds_Offset when DRX cycle is short.
Observation 7: For bi-directional Scenario B, ping pongs are reduced when DRX > 40 ms. 
Observation 8: For bi-directional Scenario B, inter-cell mobility failure rates are high for DRX ≥ 160 ms. 
Observation 9: For bi-directional Scenario B,  time-of-outage is high for DRX ≥ 160 ms.
Observation 10: For bi-directional Scenario B,  SINR values are low and they can not guarantee performance for DRX ≥ 160 ms.
Observation 12: For unidirectional Scenarios A with DPS, beam failure indications are high when HST moves in opposite direction to the beams for DRX ≥ 80 ms.
Observation 13: In unidirection multi-beam Scenario B, beam coverage is non-uniform leading to non-uniform beam dwelling time; the beam with the shortest direct propagation distance has the smallest coverage and, hence, the shortest dwelling time.  
Observation 14:  For bidirectional Scenario B with DPS, beam ping pongs are reduced when DRX ≥ 80 ms. 
Observation 15:  For bidirectional Scenario B with DPS, beam failure indications are high when DRX ≥ 160 ms. 
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