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Introduction
Cellular connectivity will be key for coordinated operation and control of Unmanned Aerial Vehicles (UAVs), more commonly referred to as “Drones”, enabling a growing set of use cases within and beyond the drone operator’s visual line of sight. RAN#75 approved a study item on Enhanced Support for Aerial Vehicles [1]. 
One of the objectives of the study is [1]:
· Handover: Identify if enhancements in terms of cell selection and handover efficiency as well as robustness in handover signalling can be achieved. [RAN2, RAN1]

In this contribution, we present some results on mobility performance of aerial vehicles taking into account the latest RAN2 assumptions.

Mobility Analysis
Mobility simulations are performed to analyze handover performance and to compare handover and link reliability between ground/terrestrial UEs and airborne UAVs. 
Simulation Setup
[bookmark: _GoBack]For the mobility study, each modeled UE starts at a randomly selected location in the network, and a bearing angle is selected randomly and uniformly. The UE then moves at the assigned speed in a straight line for the duration of the simulation with wrap around upon hitting the simulation boundary.
The following table shows the parameters used to model the handover for these simulations.
	
Parameter
	Description/Note
	Value

	Cell layout and scenario
	Same as RAN1
	Hexagonal grid, 19 macro sites, 3 sectors per site 
ISD = 500m for UMa
ISD = 1732m for RMa

	Band/bandwidth
	Same as RAN1
	2000 MHz band for UMa
700 MHz band for RMa
10 MHz bandwidth

	TimeToTrigger
	Time to trigger a measurement report
	160 ms

	A3Offset
	Offset between signal strength of serving and neighboring cells	
	2 dB

	MeasurementInterval
	Physical layer measurement interval
	10 ms

	TMeasurement_Period, Intra 
	L1 filtering time in TS 36.133
	200 ms

	L3RRMCoefficient
	Filtering coefficient for layer 3 measurements
	1

	Qin
	Qin Threshold
	-6 dB

	Qout
	Qout Threshold
	-8 dB

	TEvaluate_Qout
	Qout evaluation period
	L1 samples filtered linearly over a sliding window of 200 ms

	TEvaluate_Qin
	Qin evaluation period
	L1 samples filtered linearly over a sliding window of 100 ms

	T310
	Timer to trigger radio link failure
	1 s

	N310
	Maximum number of consecutive "out-of-sync" indications from lower layers
	1

	T311
	Not used (RLF recovery not simulated)
	Not used (RLF recover not simulated)

	N311
	Maximum number of consecutive "in-sync" indications from lower layers
	1

	HOPreparationDelay
	Handover preparation delay
	50 ms

	HOExecutionDelay
	Handover execution delay	
	40 ms

	RSRPError
	Standard deviation of RSRP measurement error
	1.22 dB

	MTS
	Minimum time to stay for ping-pong metric
	1 s

	UE height
	Height in meter above ground level 
NOTE:	0 m AGL corresponds to ground UEs, in which case the UEs are modelled as being at 1.5m height.
	0 m, 50 m, 
100 m, 300 m (AGL) 

	UE speed
	Horizontal speed for terrestrial and aerial UTs
	3 km/h, 30 km/h, 
60 km/h, 160 km/h

	Total number of UEs
	Same as RAN1
	15

	Outdoor terrestrial UE ratio
	
	100% 

	Aerial UT ratio
	Ratio of number of Aerial UTs to total UTs per sector
	0% (i.e., all terrestrial UTs)
100% (i.e., all Aerial UTs)

	Traffic model
	Traffic model for terrestrial and aerial UTs
	Full buffer 



[bookmark: _Ref473540067][bookmark: _Toc473812100]Analysis of results
In this section, we evaluate the results of the handover simulations in different scenarios using performance metrics tabulated in Table 2. All values are averages.
[bookmark: _Ref481071182]Table 2 KPIs
	KPI
	Unit
	Description

	Handover rate
	HO/UE/sec
	Number of HO attempts over time (including HOF)

	HOF rate
	%
	Number of HO failures/Total number of HO attempts (including HOF)

	Radio Link Failure (RLF) rate
	RLF/UE/sec
	Number of RLFs over time

	Time in handoff
	%
	Fraction of time a UE is in HO procedure including time for successful HO (HO execution delay) and HOF (reestablishment delay)

	Time in Qout
	%
	Fraction of time a UE is in Qout state

	Ping pong rate

	%
	Number of ping-pongs/Total number of successful handovers (excluding handover failures)



Figure 1 shows the plots for all the KPIs for UMa scenario. 
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Figure 1. UMa
Observations from Figure 1 (UMa Scenario):
1. HO rate (attempts) increases with increase in speed as expected.
2. HO rates are lower for UAVs at lower speed compared to terrestrial UEs, but higher for UAVs compared to terrestrial UEs at the maximum considered speed.
3. HOF rates are much lower for UAVs at lower speed compared to terrestrial UEs. HOF rates increase with speed and are within comparable range at medium speed and slightly higher for UAVs at high speed.
4. RLF increases significantly with speed. UAVs in general suffer higher RLF than terrestrial UEs. 
5. Ping-pong rates go down with increase in speed. Terrestrial UEs suffer higher ping-pong compared to UAVs in general (except for very high speed). The ping-pong rates for UAVs are almost half compared to grand UEs for low to moderate speed. This is expected to be because of direct LOS for UAVs and more NLOS for terrestrial UEs.
6. Time in Handoff and Time in Qout are lower for UAVs at low speed, comparable to terrestrial UEs for medium speeds and higher for UAVs at high speed.
7. In terms of comparison of UEs at different heights for the same speed, in general the mobility performance is worse for UAVs when the height is in the mid range. This is possibly due to the nulls in-between different vertical lobes of antenna as previously illustrated by different companies (e.g., [2]) where a UE may be served by a side lobe of a far cell instead of the main lobe of a near cell.



Figure 2 shows the plots for all the KPIs for RMa scenario. 
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Figure 2. RMa
Observations from Figure 2 (RMa Scenario):
1. Similar to UMa, HO attempt rate increases with increase in speed as expected. The HO rates for RMa are lower than UMa due to different ISD.
2. Unlike UMa, HO rates are generally higher for UAVs for all considered speeds in RMa scenario.
3. Unlike UMa, HOF rates in RMa highly depend on height. E.g., the difference between the HOF rate for 50m and 100m are higher in RMa than in UMa. 
4. Similar to UMa, RLF increases significantly with the UE speed in RMa. However, unlike UMa, at the highest considered speed, the RLF rate for UAVs with medium height (100m AGL) is significantly higher than that for UAVs at lower or much higher altitudes. This could also be due to the vertical antenna pattern (UE being served by sidelobe of far cell). 
5. Similar to UMa, Ping-pong rates go down with increase in speed in RMa. Terrestrial UEs suffer higher ping-pong (about 1.5x) compared to UAVs in general. 
6. Time in Handoff and Time in Qout for UAVs at medium height is more prominent compared to other heights for RMas, especially at medium and high speeds.
7. When comparing UEs with different heights at the same speed, in general, the mobility performance is worse for UAVs when the height is in the mid-range. This is more clearly seen in RMa compared to UMa scenario. 

Overall, these observations from the above results can be summarized as:
[bookmark: _Toc494380813][bookmark: _Toc494380899][bookmark: _Toc494380904][bookmark: _Toc494394709]For low to moderate speeds and heights, UAVs show on par or better mobility performance compared to terrestrial UEs due to more stable radio conditions (LOS and free space propagation).
[bookmark: _Toc494380814][bookmark: _Toc494380900][bookmark: _Toc494380905][bookmark: _Toc494394710]For high speed and for certain heights (depending on the considered scenario), UAV mobility performance suffers compared to terrestrial UEs which is likely due to higher level of interference and because of the nulls in the vertical antenna pattern. 

Based on the above observations and discussion, we propose:
[bookmark: _Toc481070579][bookmark: _Toc481070694][bookmark: _Toc481070702][bookmark: _Toc481070709][bookmark: _Toc481070726][bookmark: _Toc481071090][bookmark: _Toc481071832][bookmark: _Toc481142049][bookmark: _Toc481753175][bookmark: _Toc481753212][bookmark: _Toc481753229][bookmark: _Toc481753286][bookmark: _Toc494380817][bookmark: _Toc494380901][bookmark: _Toc494380906][bookmark: _Toc481070578][bookmark: _Toc481070693][bookmark: _Toc481070701][bookmark: _Toc481070708][bookmark: _Toc481070725][bookmark: _Toc481071089][bookmark: _Toc481071831][bookmark: _Toc481142048][bookmark: _Toc481753174][bookmark: _Toc481753211][bookmark: _Toc481753228][bookmark: _Toc481753285][bookmark: _Toc494380816][bookmark: _Toc494394711]Take the above results into account in the discussions of potential mobility enhancement solutions for UAVs.
[bookmark: _Toc494380902][bookmark: _Toc494380907][bookmark: _Toc494394712]Capture the results in the TR.
Conclusion
In this contribution, based on the simulation results, we made the following observations on mobility performance of UAVs:
Observation 1.	For low to moderate speeds and heights, UAVs show on par or better mobility performance compared to terrestrial UEs due to more stable radio conditions (LOS and free space propagation).
Observation 2.	For high speed and for certain heights (depending on the considered scenario), UAV mobility performance suffers compared to terrestrial UEs which is likely due to higher level of interference and because of the nulls in the vertical antenna pattern.

Based on the discussion and observations, we propose:
Proposal 1.	Take the above results into account in the discussions of potential mobility enhancement solutions for UAVs.
Proposal 2.	Capture the results in the TR.
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