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Annex H:
Field Trials Results on Mobility

Field trials were performed by various companies to analyze handover performance of an aerial UE in a commercial LTE network, and to compare handover and link reliability between ground and airborne UEs.
H.1
Field Trial 1 [20]

H.1.1
Setup
For this trial, data was collected as indicated in Table H.1.1-1. Connectivity was provided and tested using a commercial cellular network during all flights.
Table H.1.1-1: Trial Setup

	Data
	Description

	Location
	Qualcomm UAS Flight Center, San Diego, California

	Environment
	Mixed suburban

	Altitudes
	Ground, 30, 60, 90, 120 meters AGL

	Test types
	Mobility route at 5 m/s with 0.5 Mbps UDP UL throughput requested

Mobility route at 5 m/s and periodic RACH every 15 seconds 

Stop/Start route with 0.5 Mbps UDP UL throughput requested

	LTE bands (locked to one band per flight)
	-
PCS
-
AWS

-
700MHz

	Data collection
	-
On device logging 

-
IPerf logs


The results are derived from a single aerial UE performing a 2.5 km loop at different altitudes at a time, co-existing with other subscribers of the live commercial network. Each altitude was flown multiple times for data collection in each band, and to provide sufficient data for each case (at least 2 loops).
Table H.1.1-2 lists the band and altitude permutations and the total duration for each case.
Table H.1.1-2 Band, Altitude, and Duration

	Band
	Altitude

(m AGL)
	Total Time

(min:sec)

	PCS
	0
	21:36

	
	30
	12:36

	
	60
	12:33

	
	90
	32:21

	
	120
	33:12

	AWS
	0
	27:44

	
	30
	12:31

	
	60
	12:34

	
	90
	22:52

	
	120
	15:49

	700 MHz
	0
	34:50

	
	30
	18:44

	
	60
	12:36

	
	90
	16:50

	
	120
	15:47


The ground data was collected by mounting the aerial UE to a car and driving the route on surface streets (the duration of these tests tended to be a bit longer than flying due to some stoplights and traffic.)

Each dataset was trimmed so the final data for analysis only includes samples where the aerial UE is at its desired altitude and underway (i.e., excluding takeoff and landing). This prevents takeoff and landing transition data, as well as data when the aerial UE is stationary on the landing pad, from impacting the analysis results.
H.1.2
Number of detected cells
[image: image1.emf] 


Figure H.1.2-1: Number of detected cells
Figure H.1.2-1 shows the histograms of number of number of detected cells for different bands and heights. The bars represent the number of measurement samples for each value of number of detected cells. The figure shows that aerial UEs detect a higher number of cells than the ground UEs. For example, it was observed that while ground UE detects up to only 3 cells in band AWS, the aerial UE detected 5 or more with higher probability. The number of detected cells may be impacted by down-tilting and antenna pattern at the base station.
H.1.3
Distance to detected and serving cells
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Figure H.1.3-1: Distance to detected and serving cells
Figure H.1.3-1 shows that for PCS band, all ground UEs are served by cell within less than 1km distance, while the aerial UEs are served by base stations as far as 6km. Similar trend was observed for 700MHz band but with less exaggeration. This can possibility be due to down-tilt or radiation pattern.
Similar trend was observed for neighbour cells: for example, for AWS band, up to 8km distances are observed for aerial UEs whereas ground UEs are limited to 1.8km.
H.1.4
Handover interruption time
Figure H.1.4-1 shows distributions of the total interruption time during handovers. The handover delay presented here is the time from last packet before handover untill the first packet from the new cell.
[image: image3.emf]
Figure H.1.4-1: Handover events and distributions of delay in handover completion

The figures show that majority of these handover interruptions are between 20-40 ms, but there are some outliers present as high as 800 ms. While these are not large interruption times, it is notable that the outliers are more likely in this data at altitudes 60 meters and higher.
This result particularly demonstrated that for the considered trial setup, a commercially available LTE network could handle the handovers for the aerial devices. However, some HO enhancements would be beneficial to keep the interruption lower to guarantee the C&C communication.
H.2
Field Trial 2 [21]

H.2.1
Setup
The following table shows the parameters used during the field test.
Table H.2.1-1: Trial Setup

	Data
	Description

	Frequency
	800MHz, 2GHz

	Heights
	30m, 50m, 100m, 150m

	Environment
	Rural area, Suburban area


The aerial UE fly vertically from the ground to a certain height (i.e., 30m, 50m, 100m, 150m) up to the maximum of 150m above the ground. While aerial UE hovers in certain heights, measurements log was taken for 2 minutes. Note that the aerial UE does not hover in horizontal route.
From each measurement log, the PCI changes characteristics were analysed and shown in the following figures.
H.2.2
Vertical hovering and corresponding PCI changes in rural area
Figures H.2.2-1a and H.2.2-1b show the hovering condition in each height and the corresponding PCI changes at different frequencies, respectively.
[image: image4.png]Height [m]

50

/

\

/ 800 MHz
7 —=--26M
- : : : : : : :
100 200 300 400 500 600 700 800

Time [s]





Figure H.2.2-1a: Hovering condition in different height
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Figure H.2.2-1b: PCI change in different heights
From the above figures, we can see that also the frequency of changes of PCI is moderate irrespective of different heights.
H.2.3
Vertical hovering and corresponding PCI changes in suburban area 
Figures H.2.3-2a, H.2.3-2b show the hovering condition in each height and the corresponding PCI changes at different frequencies, respectively.
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Figure H.2.3-2a: Hovering condition in different height
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Figure H.2.3-2b: PCI change in different heights
In this suburban scenario, we can observe that the serving cell (PCI) changes relatively often in higher altitude (i.e., 100m, 150m).
H.3
Field Trial 3 [22 and 45]

H.3.1
Setup
In order to understand the effects of UEs being elevated from the ground, a set of measurements were performed by using a aerial UE and an existing LTE network operating at 800MHz carrier frequency. The measurement setup is summarized in Table H.3.1-1.
Table H.3.1-1: Aerial UE radio channel measurement setup
	Data
	Description

	Radio scanner equipment
	Radio network scanner

	Technology
	LTE

	Frequency Band (MHz)
	800

	Measurement Height (m)
	1.5
	15
	30
	60
	120

	Sampling Rate (Hz)
	8.9
	9.3
	6.1
	6.1
	3.7

	RSRP Sensitivity (dBm)
	-137
	-110
	-102.7
	-100.2
	-98.1
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Figure H.3.1-1 Example for rural network layout (deployment) with typical large 2.2km average ISD. The black circles indicate the locations where aerial UE channel measurements have been performed

The measurement area for results presented in Annexes H.3.2 and I.3.2 is depicted in Figure H.3.1-1, corresponding to one of the LTE Operator networks. There were over 30 base stations in the measurement area with antenna heights ranging from 19m to 50m and antenna down-tilting angles from 0 to 9 degrees. The results presented in Annex I.3.2 include measurements from two different LTE networks deployed in the same area as depicted in Figure H.3.1-1: Operator 1 with average ISD of 2.2km and Operator 2 with average ISD of 3.8km. The other deployment characteristics of the Operator 2 network were similar to the Operator 1 network.
The measurements in Annexes H.3.2 and I.3.2 were performed using a mobile network scanner. The airborne data was collected by attaching the measurement device underneath a commercial aerial UE. A dipole antenna connected to the network scanner was used to receive the radio signals from the live LTE network. The aerial UE was flown in 2 different locations, in circular routes with a radius of 200m. In order to sample the height dimension and analyze how it affects the results, the aerial UE circular routes were repeated at four different heights: 15m, 30m, 60m and 120m, measured from ground level at the take-off point. The ground level data was collected by performing a drive-test with the antenna at 1.5m height in the roads surrounding the areas of the selected routes. The ground UE and aerial UE moving speed was around 15km/h.
H.3.2
Number of detected cell and cell changes
Figure H.3.2-1 shows the average number of detected cells per sample the network scanner used in the measurements delivered. The scanner can report up to 32 cells per sample and the sampling frequency is between 4 and 9 Hz. As can be seen at ground level the number of detectable cells is around 5, which fits with the fact that a measurement report can report the measurement of up to 8 neighbours. For increasing height, the number of detectable cells increases, so reports containing values of more than 8 cells can be considered. The Figure also shows the range of the detected cells in kilometres. The range is defined as the 90% of the distance distribution over all detected cells. As can be seen the range almost doubles from ground level up to 120 m. As the number of neighbours as well as the range of the detected cells increases, the risk of detecting cells with the same PCI value (PCI confusion) increases.
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Figure H.3.2-1 Average number of detectable cells (represented by orange bars) and range of detected cells (represented by grey line) per height.
Data considering changes of the strongest cell was also collected. Figure H.3.2-2 shows the average number of cell changes per second for the different heights from two measurement locations. The numbers for two commercial LTE networks are shown. Operator 1 corresponds to the network shown in Figure H.3.1-1, while operator 2 has a sparser network. The locations selected here have a relatively low SINR and one can see that the number of strongest cell changes is relatively high. The highest values are seen at ground level, whereas the number drops when being in the air. Thus, a first observation can be made that being airborne may not lead to a higher number of mobility events. However, these measurements are just two observations, where for instance the movement was kept on the horizontal plane (at fixed height), so it may not hold for vertical movement, which was not tested during this trial.
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Figure H.3.2-2 Number of strongest cell change vs height for 2 measurement location and two different commercial networks.
The percentage of number of detected cells (within the measurement area of 4070 km2 and total 562 cells) for each measured height is further shown in Figure H.3.2-3 and Table H.3.2-1.
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Figure H.3.2-3: Percentage of number of detected cells (within the measurement area).

Table H.3.2-1: Percentage of number of detected cells (within the measurement area).

	
	TU@1.5m
	AV@15m
	AV@30m
	AV@60m
	AV@120m

	Percentage of number of detected cells
	4.8%
	2.7%
	3.7%
	5.8%
	8.6%


H.3.3
Distance to serving cell and neighbor cells statistics
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Figure H.3.3: CDF of distance to serving cell (highest RSRP) and detected neighbour cells.
Figure H.3.3 shows the CDF of distance to serving cell and detected neighbour cells (top-left plot shows the CDF of distance to serving cell at all heights, and other plot show the CDF of distance to detected cells at the heights of 1.5m, 15m, 30m, 60m, and 120m).
H.4
Field Trial 4 [56]
H.4.1
Setup
A LTE UE with a test program was set in a aerial UE. The aerial UE was controlled through Wi-Fi link to fly at different altitudes. The data associated with the testing parameters were transmitted to a server, and the data was analyzed offline afterwards.

The configurations of aerial UE trial scenario are listed as follows.
Table H.4.1-1: Aerial UE trial scenario
	Data
	Description

	Location
	An office area in the city of Shenzhen, China, unless stated otherwise

	BS deployment
	ISD 400m, less densely distributed, unless stated otherwise

	Surrounding environments
	Low and less dense buildings 

	LTE bands
	TDD 2600MHz

	Test types
	5m/s UAV mobility speed at 5m/s

	Data collection
	On device logging

IPerf logs


H.4.2
Number of detected cells for UMa scenario
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Figure H.4.2-1: Number of detected cells
As shown in the figure, the number of detected neighbor cells increases with the aerial UEs’ altitude since there are no or few obstacles at high altitude.

H.4.3
Distance to serving cell
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Figure H.4.3-1: Distance to serving cell
The distance to serving cell is further when aerial UE is above ground.

H.4.4
Average SNR values and PCI change
These results were gathered using same setup as other results above except the location was an amusement park in the city of Shenzhen, China where BS deployment is densely distributed with ISD of 300m.
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Figure H.4.4-1: Average SNR values of different cells and PCI change for a moving aerial UE UE
H.5
Field Trial 5 [19]

H.5.1
Setup
Table H.5.1-1 shows the setup of the trial. Aerial UE was controlled over Wi-Fi, and LTE was only used for data transmission for the UE and data reception from the eNB. Network parameters are same as in commercial operation. UE isn’t changed from commercial module either (i.e., no special customization for both eNB and UE).

Table H.5.1.-1: Setup
	Data
	Description

	Trial Location
	An airfield near a marine port (Japan)

	Aerial UE
	Controlled over Wi-Fi (LTE is only used for data transmission/reception)

	LTE Frequency
	800MHz

	Flight route
	a square about 100 m on a side (Figure H.5.1-1)

	Aerial UE Altitude
	0m, 25m, 50m, 75m, 100m (Figure H.5.1-2)
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Figure H.5.1-1: Flight route                          Figure H.5.1-2: Aerial UE altitude
H.5.2
Number of handover success/ Failure
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Figure H.5.2-1: Handover success/failure
The figure shows the following:

-
Near the ground (0m, 25m), thanks to good deployment design and parameter tuning, handover failure did not occur.

-
Above altitude 50m, some handover failure occurred. This is likely because of the interference from many neighbour cells.

H.5.3
Number of detected neighbour cells and PCI changes
Figure H.5.3-1 shows the number of PCIs the aerial UE connects to depending on the altitude. A general observation is more PCU changes for higher altitude. As shown in Figure H.5.3-2, at altitude 50m, UE can detect maximum 45 neighbour cells, and UE selects 5 different cells as serving cell over the trial duration as shown in Figure H.5.3-2. Above altitude 75m, the number of neighbour cells which UE detected decrease, because UE receives many synchronization signals from many eNBs, which lead to difficulty of correlation detection of the signals.
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Figure H.5.3-1: Number of Detected Cells/Serving Cells                      Figure H.5.3-2: Serving cells
H.6
Field Trial 6 [46]
H.6.1
Setup

The measurement was conducted based on passive sounding equipment in a commercial LTE network. The sounding system was carried by aerial vehicle to collect the data along the pre-defined trajectories shown in Figure H.6.1-1 and H.6.1-2. The field trial was conducted in a suburban scenario. As shown in Figure H.6.1-1, the horizontal distances between base station and each measurement point are 100m, 200m, 300m, 400m and 500m, respectively. As shown in Figure H.6.1-2, the aerial vehicle was flown along a triangle route D-E-F with heights of 50m, 75m and 100m, respectively. More detailed configuration can be found in Table H.6.1-1.
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Figure H.6.1-1: 1st route in vertical direction                  Figure H.6.1-2: 2nd route in horizontal
Table H.6.1-1: Trial setup
	Data
	Description

	Location
	Suburban area

	LTE Frequency
	2.585GHz

	Bandwidth
	18MHz

	Route
	Linear round-trip (1000m for one round) for Route 1.
Triangle (1500m for one round) for Route 2

	Speed
	2.5m/s (Vertical), 5.5m/s (Horizontal)

	Aerial UE Altitude
	15m ,30m, 50m, 75m, 100m for trial1 (Figure X.4.1-1)

50m,75m, 100m for trail2 (Figure X.4.1-2)

	Antenna
	Disc-cone antenna


H.6.2
Number of detected cells statistics
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Mean Cell Number Detected = 3.09
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Figure H.6.2-1: Number of detected cells at different heights

Figure H.6.2-1 shows that the statistics of the numbers of detected cells at different heights.

H.7
Field Trial 7 [25, 47]
H.7.1
Setup

The measurements setup is summarized in Table H.7.1 below. The aerial UE flying route is shown in Figure H.7.1-1 (a).  The flying route follows roughly the driving route of a car on the ground, which is shown in Figure H.7.1-1 (b). Figure H.7.1-2 shows the cell sites around the test area.
Table H.7.1: Trial setup

	Data
	Description

	Location
	An area in Masala (Finland)

	Environment
	Sub-Urban

	Aerial UE
	Controlled over Wi-Fi (LTE is only used for data transmission/reception)

	Aerial UE UE
	Tems test mobile

	LTE Frequency
	800MHz

	Flight route
	See Figure I.6.1-1

	Aerial UE Altitude
	0m (in a car), 50m, 150m

	Aerial UE speed
	~18km/h (Car on the ground: 20km/h-40km/h)

	Data collection
	File upload


[image: image31.emf] 

(a)   Drone flying route.  

(b) Driving route in car.  


Figure H.7.1-1: Aerial UE flying route and car driving route.
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Figure H.7.1-2: Cell sites around the trial area
H.7.2
Number of detected cells statistics
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Figure H.7.2-1: Measured number of neighbor cells detected for different UE heights.
Table H.7.2-1: Number of detected neighbor cells

	Percentile
	UE height

	
	In Car
	50m
	150m

	90%
	4
	8
	8

	50%
	3
	5
	6

	5%
	1
	3
	3


The field trial results in Figure H.7.2-1 (summarized in Table H.7.2-1) show that the number of neighbor cells detected by the UE increases as height increases. The median number of neighbor cells are 3, 5 and 6 for UE in car, UE at 50m and UE at 150m, respectively.
H.7.3
Distance to serving and neighbor cells statistics
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Figure H.7.3-1: Measured distance to serving cell for different UE heights.
Table H.7.3-1: Distance to serving cell (in meter)

	Percentile
	UE height

	
	Car
	50m
	150m

	90%
	2553
	2460
	2248

	50%
	1975
	1931
	1845

	5%
	1662
	1748
	1285
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Figure H.7.3-2: Distance to neighbor cells for different UE heights.
Table H.7.3-2: Distance to neighbor cells (in meter)

	Percentile
	UE height

	
	Car
	50m
	150m

	
	N1
	N2
	N3
	N1
	N2
	N3
	N1
	N2
	N3

	90%
	2515
	41653
	41581
	5684
	40550
	31634
	4120
	41494
	41521

	50%
	2045
	3940
	4068
	2139
	5564
	5652
	2136
	4073
	5775

	5%
	1671
	1709
	1882
	1670
	1891
	1969
	1609
	1662
	1731


Figures H.7.3-1 and H.7.3-2 (summarized in Tables H.7.3-1 and H.7.3-2) show that the measured statistics of distances to serving cells and to neighbor cells.
H.7.4
Number of PCI changes
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Figure H.7.4-1: PCI change with height 50m
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Figure H.7.4-2: PCI change with height 150m
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Figure H.7.4-3: PCI change on ground with higher speed

PCI changes slightly more frequently at 120-150m than at 50-60m. Note that the car moves at a higher speed on the ground so that PCI also changes frequently.
H.7.5
Number of radio link failures
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Figure H.7.5-1: Number of Radio Link Failures
The number of RLF is higher at 120-150m than at 50-60m. Note that the car moves at a higher speed on the ground so that we also observe many RLFs. But, we do not observe a significant increase in the number RLFs in air-borne UEs compared to terrestrial UEs.
H.8
Observations from field trials on mobility
The number of detectable cells and the range of the detected cells increases with height. This also causes the risk of PCI confusion to increase with height.
For rural area, in both lower and higher frequency, the serving cell change is moderate irrespective of different altitude. For suburban area, in both lower and higher frequency, the serving cell changes very frequently in higher altitude (100m, 150m).

Majority of the handover are completed within 20-40 ms, however, some handover interruption can be as high as 800ms. Current LTE networks can handle the handover for the aerial devices to some extent, however, some HO enhancements are beneficial to keep the interruption lower.
The distribution of distance to serving cell demonstrated that aerial UE can be served by a geographically faraway cell compared to ground UE.
Annex I:
Field Trials Results on RSRP/RSRQ and other measurements

Field trials were performed by various companies to analyze characteristics of RSRP/RSRQ and other measurements for an aerial UE in a commercial LTE network, and to compare the characteristics between ground and airborne UEs.
I.1
Field Trial 1 [20 and 48]

I.1.1
Setup
The field trial setup is explained in Annex H.1.1.

I.1.2
RSRP/RSRQ distribution for serving cell
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	Figure I.1.2-1: RSRP distribution for serving cell
	Figure I.1.2-2: RSRQ distribution for serving cell


It is seen that aerial UE observe higher RSRP than ground UEs. As a general trend, both RSRP and RSRQ decrease with altitude, but exact impact depends on antenna/frequency band. However, despite lower RSRQ, coverage for aerial UE UE is not impacted.
I.1.3
Distribution of uplink transmit power
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Figure I.1.3-1: Uplink transmit power

Figure I.1.3 shows the distribution of uplink transmit power for UEs at different altitudes. Due to the lower pathloss experienced by aerial UEs (and its effect in power control), it is observed that, in general, aerial UEs transmit at a lower transmit power than ground UEs (up to 13dB difference in 90% and 9dB difference in median transmit power).
I.2
Field Trial 2 [21]

I.2.1
Setup
The field trial setup is given in Annex H.2.1.

From each measurement log, the RSRP, RSRQ and SINR characteristics were analysed and shown in the following figures.
I.2.2
RSRP, RSRQ and SINR characteristics in rural area
Figures I.2.2-1a, I.2.2-1b and I.2.2-1c show the RSRP, RSRQ and SINR respectively for rural area at 800 MHz.
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	Figure I.2.2-1a: RSRP – Rural – 800 MHz
	Figure I.2.2-1b: RSRQ – Rural -800MHz
	Figure I.2.2-1c: SINR – Rural – 800MHz


In this scenario, the RSRP in the ground level and 30m height are comparable due to LOS probability in rural area. From the RSRQ and SINR characterisitcs, with the increase of the height the interference also increases.
Figures I.2.2-2a, I.2.2-2b and I.2.2-2c show the RSRP, RSRQ and SINR respectively for rural area at 2 GHz.
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	Figure I.2.2-2a: RSRP – Rural – 2 GHz
	Figure I.2.2-2b: RSRQ – Rural -2GHz
	Figure I.2.2-2c: SINR – Rural – 2GHz


In this scenario, the RSRP quality in ground level is worse than 30m, 50m heights because of the NLOS environment. The LOS probability increases when the UE height increases to 30m and 50m. From the RSRQ and SINR figure, the interference also increases with the increase of heights and this cause worse RSRP quality in higher altitudes.
I.2.3
RSRP, RSRQ and SINR characteristics in suburban area 
Figures I.2.3-1a, I.2.3-1b and I.2.3-1c show the RSRP, RSRQ and SINR respectively for suburban area at 800 MHz.
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	Figure I.2.3-1a: RSRP – Suburban – 800 MHz
	Figure I.2.3-1b: RSRQ – Suburban – 800 MHz
	Figure I.2.3-1c: SINR – Suburban – 800 MHz


In this scenario, the RSRP quality in ground level is worse than 30m, 50m heights because of the NLOS environment. The LOS probability increases when the UE height increases to 30m and 50m. From the RSRQ and SINR figure, the level of interference also increases with the increase of heights and this causes worse RSRP quality in higher altitudes.
Figures I.2.3-2a, I.2.3-2b and I.2.3-2c show the RSRP, RSRQ and SINR respectively for suburban area at 2 GHz.
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	Figure I.2.3-2a: RSRP – Suburban – 800 MHz
	Figure I.2.3-2b: RSRQ – Suburban – 800 MHz
	Figure I.2.3-2c: SINR – Suburban – 800 MHz


I.3
Field Trial 3 [22-24 and 45]

I.3.1
Setup
The trial setup is described in Annex H.3.1. The results presented in Annex I.3.2 include measurements from two different LTE networks deployed in the same area as depicted Figure H.3.1-1: Operator 1 with average ISD of 2.2km and Operator 2 with average ISD of 3.8km. The other deployment characteristics of the Operator 2 network were similar to the Operator 1 network.
I.3.2
RSSI vs ΔRSRP
Figure I.3.2-1 shows the RSSI vs the difference between the RSRP of the serving cell and the strongest (first) neighbor cell, referred to as ΔRSRP. Black dots corresponding to 1.5 m are terrestrial UEs whereas the other heights are airborne UEs. The four cases represent two different rural measurement locations and two different LTE network operators as summarized in Table I.3.2-1.
Table I.3.2-1: Measurement case overview
	
	Operator 1
	Operator 2

	Measurement location 1
	Case 1
	Case 2

	Measurement location 2
	Case 3
	Case 4


The term ΔRSRP is a representation of the location in the cell, i.e. how close to the cell center the UE is located. The results are based on the measurements performed in real commercial LTE networks with aerial UEs at different heights for the 4 different cases.
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Case 2
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Case 3
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Figure I.3.2-1: RSSI vs ΔRSRP for different heights

I.3.3
RSRP statistics
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Figure I.3.3-1: CDF of RSRP including serving cell (highest RSRP) and detected neighbour cells

Figure I.3.3-1 shows the CDF of RSRP including serving cell and detected neighbour cells for each measured height (top-left plot shows RSRP of serving cell at all heights, and other plots show RSRP of detected cells at the heights of 1.5m, 15m, 30m, 60m, and 120m).
I.3.4
RSRQ statistics
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Figure I.3.4-1: CDF of RSRQ including serving cell (highest RSRP) and detected neighbour cells
Figure I.3.4-1 shows the CDF of RSRQ including serving cell and detected neighbour cells for each measured height (top-left plot shows the CDF of RSRQ of serving cell at all heights, and other plots show RSRP of detected cells at the heights of 1.5m, 15m, 30m, 60m, and 120m). These RSRQ values are reported by the measurement equipment (radio network scanner) corresponding to one antenna port, and cover larger range than normally reported by a 3GPP UE (-3dB to -19.5dB).

I.3.5
RSSI statistics

[image: image71.emf]
Figure I.3.5-1: CDF of RSSI (corresponding to highest RSRP).

Figure I.3.5 shows the CDF of RSSI for each measured height. These RSSI values are simply calculated as the difference between the corresponding RSRP and RSRQ values reported by the measurement equipment.
I.3.6
RSRP gap statistics
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Figure I.3.6-1: CDF of RSRP gap between serving cell (highest RSRP) and detected neighbour cells.

Figure I.3.6-1 shows the CDF of RSRP gap between serving cell and detected neighbour cells for each measured height (top-left plot shows the CDF of RSRP gap corresponding to the strongest neighbour cell at all heights, and other plots show the CDF of RSRP gap corresponding to detected cells at the heights of 1.5m, 15m, 30m, 60m, and 120m).
I.4
Field Trial 4 [56 and 44]
I.4.1
Setup
The trial setup is described in Annex H.4.1. except that the PDCCH block error rate performance in Annex I.4.4 was measured in a different area: An amusement park in the city of Shenzhen, China, where ISD is 300m.
I.4.2
RSRP characteristics
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	Figure I.4.2-1 Serving cell RSRP
	Figure I.4.2-2 Neighbor cell RSRP


Figure I.4.2-1 shows that the strength of RSRP above the ground is much more than that at ground, and reaches the maximal at the altitude of nearly BS antenna height. Moreover, the variation of RSRP above the ground is small.
Figure I.4.2-2 shows the strength of the sum of RSRP is larger when the aerial vehicle flies at higher altitude. This observation is consistent with that the number of detected neighbor cells increases with aerial vehicle’s altitude. Thus, the downlink interference may be much more severe at high altitude.
I.4.3
RS-SINR characteristics
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	Figure I.4.3-1 RS-SINR at different heights
	Figure I.4.3-2 CDF of RS-SINR at different heights


Figures I.4.3-1 and I.4.3-2 show that RS-SINR decreases with height. The probability that the RS-SINR is below -5 dB is nearly 15% when the altitude is 120 m in this particular field measurement.
I.4.4
PDCCH block error rate characteristics
[image: image82.png]



Figure I.4.4-1: PDCCH block error rate when an aerial vehicle flies up to 200m
Figure I.4.4-1 shows that PDCCH block error rate at 200 m is around 10~20% or even larger in this particular field measurement.
I.4.5
Uplink data rate characteristics
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Figure I.4.5-1: Uplink data rates at different heights

Figure I.4.5-1 shows that the UL data rate of aerial vehicles above the ground is much higher than on the ground, The fifty percentile uplink data rate on the ground is 2.5Mbps, while the fifty percentile uplink data rates at 25m, 60m, 80m, and 120m are larger than 8Mbps.

I.5
Field Trial 5 [46]
I.5.1
Setup
The trial setup is described in H.6.1.
I.5.2
RSRP gap characteristics
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Figure I.5.2-1: CDF of RSRP gap at different heights
Figure I.5.2 shows that the statistics of RSRP gap at different heights.

I.6
Field Trial 6 [47]
I.6.1
Setup
The trial setup is described in H.7.1.
I.6.2
Serving cell RSRP and RSRQ characteristics
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Figure I.6.2-1: Measured DL RSRP and RSRQ for UE on ground (in Car) and UE on aerial UE at 50m and 150m above ground.
Table I.6.2-1: Serving cell RSRP (in dBm)

	Percentile
	UE height

	
	Car
	50m
	150m

	90%
	-85.0
	-71.2
	-73.1

	50%
	-92.4
	-73.5
	-76.8

	5%
	-99.2
	-77.1
	-80.6


Table I.6.2-2: Serving cell RSRQ (in dB)

	Percentile
	UE height

	
	Car
	50m
	150m

	90%
	-7.0
	-9.4
	-10.4

	50%
	-8.5
	-11.3
	-12.6

	5%
	-11.5
	-14.6
	-16.1


The field trial results in Figure I.6.2-1 (summarized in Tables I.6.2-1 and I.6.2-2) show that serving cell RSRP at the aerial UE UE is higher than the UE in car (about 15 to 20dB higher at 50 %tile), and RSRQ at the aerial UE UE is poorer than the UE in car (about 3 to 4dB lower at 50 %tile).

I.6.3
Neighbor cell RSRP and RSRQ characteristics
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Figure I.6.3-1: Measured neighbor cell RSRP and RSRQ for UE in a car and UE on a aerial UE at 50m and 150m above ground (Nk is the kth strongest neighbor cell, SC is serving cell).
Table I.6.3-1: Neighbor cell RSRP (in dBm)
	Percentile
	UE height

	
	In Car
	50m
	150m

	
	N1
	N2
	N3
	N4
	N1
	N2
	N3
	N4
	N1
	N2
	N3
	N4

	90%
	-92.2
	-99.8
	-102.8
	-105.3
	-73.1
	-80.8
	-82.2
	-83.3
	-74.7
	-80.8
	-83.0
	-84.1

	50%
	-98.4
	-105.5
	-108.0
	-109.8
	-77.9
	-83.0
	-84.3
	-85.3
	-79.1
	-83.3
	-84.6
	-85.6

	5%
	-108.3
	-113.1
	-114.2
	-116.7
	-97.8
	-105.6
	-87.4
	-87.8
	-98.1
	-105.3
	-88.1
	-87.9


Table I.6.3-2: Neighbor cell RSRQ

	Percentile
	UE height

	
	In Car
	50m
	150m

	
	N1
	N2
	N3
	N4
	N1
	N2
	N3
	N4
	N1
	N2
	N3
	N4

	90%
	-11.1
	-16.8
	-18.1
	-20.2
	-10.8
	-17.7
	-19.2
	-19.9
	-11.4
	-16.9
	-18.9
	-19.8

	50%
	-14.4
	-20.6
	-21.9
	-23.4
	-13.9
	20.3
	-21.4
	-22.1
	-14.3
	-20.1
	-21.1
	-21.8

	5%
	-22.2
	-24.8
	-27.0
	-27.8
	-20.3
	-23.4
	-23.8
	-24.8
	-19.4
	-23.4
	-23.6
	-24.1


The field trial results in Figure I.6.3-1 (summarized in Tables I.6.3-1 and I.6.3-2) show that the neighbor cell RSRP spread decreases as the UE height increases: the median RSRP difference between N1 and N4 decreases from 11dB for UE in a car to 7dB for UE at 50m and 150m heights. The neighbor cell RSRQ spread is similar for all three UE heights, but the gap between the serving cell and the neighbor cells decreases as UE height increases. The median RSRQ difference between SC and N1 decreases from about 6dB for UE in a car to about 2dB for UE at 150m height.

I.6.4
RSRP gap characteristics
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Figure I.6.4-1: Measured RSRP gap between the serving cell and the 1st neighbor cell.
Table I.6.4-1: RSRP gap between serving cell and the first neighbor cell

	Percentile
	UE height

	
	Car
	50m
	150m

	90%
	12.8
	8.4
	6.13

	50%
	6.5
	2.8
	1.60

	5%
	-2.0
	-2.2
	-3.80


Table I.6.4-2: RSRP gap between serving cell and all neighbor cells

	
	UE height

	
	Car
	50m
	150m

	Mean (dB)
	6.4
	3.1
	1.7

	Max (dB)
	22.1
	14.2
	13.4


The field trial results in Figure I.6.4-1 (summarized in Tables I.6.4-1 and I.6.4-2) show that RSRP gap between serving and the 1st neighbour cell decreases dramatically as UE height increases. The median gap decreases from 6.5dB for UE in car to 1.6dB for UE at 150m above ground.
I.6.5
RSSI characteristics
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Figure I.6.5-1: Measured serving cell RSSI for different UE heights.
Table I.6.5-1: Serving cell RSSI (in dBm)

	Percentile
	UE height

	
	Car
	50m
	150m

	90%
	-59.3
	-42.8
	-44.4

	50%
	-66.6
	-44.8
	-46.5

	5%
	-73.1
	-47.4
	-48.7


The field trial results in Figure I.6.5-1 (summarized in Table I.6.5-1) show that serving cell RSSI for UE at 50m or 150m above ground is about 20dB higher than for UE in a car.
I.7
Observations from field trials on RSRP/RSRQ and other measurements
The radio environment including the RSRP, RSRQ and RSSI characteristics of aerial UE in the air are different from terrestrial UEs at ground level.

RSRQ in general decreases for airborne UEs with increase in altitude compared to terrestrial UEs. RSSI is in general higher for airborne UEs compared to terrestrial UEs and the average RSSI increases with altitude. 

Annex J:
Evaluation Results on Mobility
J.1
Mobility Simulation
The simulation results on mobility were provided by the following 6 sources.

Table J.1-1: Source companies for mobility simulation results
	Source No.
	Reference Numbers

	Source 1
	Nokia, Nokia Shanghai Bell [49] [52]

	Source 2
	Ericsson [54] [55] [49]

	Source 3
	Qualcomm [51] [49]

	Source 4
	NTT DOCOMO [53] [49]

	Source 5
	Huawei [50] [49]

	Source 6
	ZTE [49]


J.2
Simulation results for UMa

J.2.1
Introduction

All the results provided by companies are shown in the same figure for convenient comparison, and different figures are classified by the speed.
J.2.2
Handover rate

The simulation results from all participating companies are collected in Table J.2.2-1 and illustrated in Figure J.2.2-1.

Table J.2.2-1: Handover rate simulation data.
	Handover metrics
	UE Speed [km/h]
	    UE Height                [m]
 Source
	0m
	50m
	100m
	300m

	Handover rate [HOs/UE/sec]
	3km/h
	source 1
	0.005232
	0.001722
	0.001875
	0.004017

	
	
	source 2
	0.017208
	0.005219
	0.000551
	0.000013

	
	
	source 3
	0.187135
	0.114129
	0.114058
	0.132070

	
	
	source 5
	0.034800
	0.018700
	0.024300
	0.065100

	
	
	source 6
	0.001852
	0.007700
	0.012093
	0.018543

	
	30km/h
	source 1
	0.052900
	0.016924
	0.019693
	0.057998

	
	
	source 2
	0.107378
	0.057519
	0.019132
	0.001339

	
	
	source 3
	0.188772
	0.162526
	0.185357
	0.179368

	
	
	source 4
	0.094900
	0.152300
	0.085100
	0.063500

	
	
	source 5
	0.058500
	0.110500
	0.122800
	0.087300

	
	
	source 6
	0.031194
	0.084321
	0.142473
	0.220468

	
	60km/h
	source 1
	0.120974
	0.034248
	0.038232
	0.113847

	
	
	source 2
	0.159379
	0.082477
	0.044263
	0.016254

	
	
	source 3
	0.192982
	0.213240
	0.268655
	0.231368

	
	
	source 4
	0.146400
	0.189200
	0.131200
	0.139300

	
	
	source 5
	0.097100
	0.191800
	0.232500
	0.181600

	
	
	source 6
	0.068152
	0.174528
	0.304022
	0.475238

	
	160km/h
	source 1
	0.490931
	0.092112
	0.100394
	0.287274

	
	
	source 2
	0.245963
	0.091826
	0.076752
	0.060755

	
	
	source 3
	0.235228
	0.319743
	0.407322
	0.370152

	
	
	source 4
	0.237000
	0.296200
	0.228800
	0.220400

	
	
	source 5
	0.228700
	0.385900
	0.457200
	0.485600

	
	
	source 6
	0.216999
	0.479752
	0.486608
	0.702849
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Figure J.2.2-1: Handover rate simulation data 

From the simulation results, the following initial findings are observed:

1.
From the simulation results from source 1, source 2 and source 3 (3km/h and 30km/h), it can be observed that the handover rate of terrestrial UEs is higher than that of aerial UEs. And as height increases the handover rate firstly decreases, and then increases slightly within a small range.
2.
From the simulation results from source 4, source 5, source 6 and source 3(60km/h and 160km/h), it can be observed that the handover rate of terrestrial UEs is lower than that of aerial UEs. And as height increases the handover rate firstly increases obviously, and then decreases slightly.
No conclusion could be derived from the two different trends for this KPI. The reason of the different trends could be that, the DL interference suffered by the UEs in some companies’ simulation is more severe than that suffered by the UEs in other companies’ simulation procedure. Hence, it is possible that smaller handover number is due to the higher level of DL interference causing the radio link failure before the handover is triggered.
J.2.3
HOF rate

Table J.2.3-1: HOF rate simulation data.

	Handover metrics
	UE Speed [km/h]
	   UE Height               [m] 
Source
	0m
	50m
	100m
	300m

	HO failure rate [%]
	3km/h
	source 2
	41.25%
	43.94%
	73.46%
	40.00%

	
	
	source 3
	14.63%
	0.78%
	1.07%
	0.70%

	
	
	source 5
	6.37%
	60.54%
	88.47%
	89.12%

	
	
	source 6
	0.00%
	45.16%
	77.29%
	80.68%

	
	30km/h
	source 2
	33.37%
	40.11%
	60.85%
	84.21%

	
	
	source 3
	14.67%
	7.27%
	11.38%
	3.47%

	
	
	source 4
	12.97%
	14.54%
	6.33%
	7.05%

	
	
	source 5
	16.83%
	72.07%
	89.00%
	89.28%

	
	
	source 6
	3.61%
	57.89%
	82.88%
	85.41%

	
	60km/h
	source 2
	33.25%
	48.09%
	53.85%
	82.62%

	
	
	source 3
	14.15%
	12.94%
	20.40%
	8.40%

	
	
	source 4
	21.67%
	17.55%
	14.06%
	12.01%

	
	
	source 5
	27.15%
	78.17%
	91.11%
	92.01%

	
	
	source 6
	6.99%
	63.72%
	87.66%
	88.77%

	
	160km/h
	source 2
	33.24%
	60.94%
	59.51%
	74.20%

	
	
	source 3
	19.82%
	23.37%
	30.51%
	31.38%

	
	
	source 4
	36.80%
	24.76%
	32.79%
	48.90%

	
	
	source 5
	45.03%
	85.62%
	93.28%
	97.13%

	
	
	source 6
	28.03%
	75.98%
	93.09%
	97.01%
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Figure J.2.3-1: HOF rate simulation data

From the simulation results, the following initial findings are observed:
1.
Majority of the companies observed higher HOF rate for aerial UE than that for terrestrial UE in most cases. And the higher the speed or the height of aerial UE is, the higher HOF rate can be observed.
2.
One company observed lower HOF rates for aerial UEs compared to terrestrial UEs for lower speeds (up to 30km/h).
J.2.4
RLF rate

Table J.2.4-1: RLF rate simulation data.

	Handover metrics
	UE Speed [km/h]
	UE Height           [m]
Source
	0m
	50m
	100m
	300m

	Radio Link Failure (RLF) rate [RLF/UE/sec]
	3km/h
	source 1
	0.000480
	0.001461
	0.001502
	0.000460

	
	
	source 2
	0.042740
	0.041962
	0.273787
	0.449335

	
	
	source 3
	0.001006
	0.000234
	0.000678
	0.000608

	
	
	source 5
	0.000526
	0.023400
	0.050500
	0.128700

	
	
	source 6
	0.000000
	0.002401
	0.010165
	0.015101

	
	30km/h
	source 1
	0.004758
	0.008422
	0.009663
	0.007100

	
	
	source 2
	0.074277
	0.108172
	0.198402
	0.460071

	
	
	source 3
	0.001029
	0.004304
	0.011696
	0.005123

	
	
	source 5
	0.000735
	0.033000
	0.065700
	0.171700

	
	
	source 6
	0.000562
	0.025746
	0.083155
	0.126949

	
	60km/h
	source 1
	0.013473
	0.016643
	0.017751
	0.014434

	
	
	source 2
	0.091698
	0.154025
	0.195801
	0.453388

	
	
	source 3
	0.002877
	0.011649
	0.02676
	0.01586

	
	
	source 5
	0.000800
	0.029700
	0.056200
	0.151300

	
	
	source 6
	0.002381
	0.057655
	0.163161
	0.254138

	
	160km/h
	source 1
	0.081088
	0.043263
	0.044738
	0.033587

	
	
	source 2
	0.120239
	0.246539
	0.229423
	0.195604

	
	
	source 3
	0.021708
	0.04117
	0.062409
	0.074339

	
	
	source 5
	0.000603
	0.021400
	0.039300
	0.089000

	
	
	source 6
	0.030417
	0.182879
	0.493908
	0.628773
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Figure J.2.4-1: RLF rate simulation data
From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed higher RLF rate for aerial UE in most cases. And the higher the speed of aerial UE is, the higher RLF rate can be observed.
J.2.5
Time in handoff

Table J.2.5-1: Time in handoff simulation data.

	Handover metrics
	UE Speed [km/h]
	UE Height           [m]
Source
	0m
	50m
	100m
	300m

	Time in handoff [%]
	3km/h
	source 2
	0.17%
	0.03%
	0.00%
	0.00%

	
	
	source 3
	1.60%
	0.48%
	0.53%
	0.59%

	
	
	source 5
	0.17%
	0.24%
	0.41%
	1.21%

	
	
	source 6
	0.02%
	0.04%
	0.03%
	0.04%

	
	30km/h
	source 2
	1.68%
	1.16%
	0.23%
	0.01%

	
	
	source 3
	1.61%
	1.48%
	2.46%
	1.23%

	
	
	source 5
	0.38%
	1.62%
	2.11%
	1.50%

	
	
	source 6
	0.27%
	0.43%
	0.48%
	0.66%

	
	60km/h
	source 2
	2.76%
	1.78%
	0.64%
	0.07%

	
	
	source 3
	1.76%
	2.88%
	5.60%
	2.62%

	
	
	source 5
	0.78%
	2.99%
	4.07%
	3.20%

	
	
	source 6
	0.58%
	0.83%
	1.00%
	1.41%

	
	160km/h
	source 2
	4.50%
	1.84%
	1.19%
	0.33%

	
	
	source 3
	3.83%
	7.50%
	11.93%
	11.97%

	
	
	source 5
	2.44%
	6.43%
	8.14%
	8.92%

	
	
	source 6
	1.56%
	1.94%
	2.92%
	2.98%
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Figure J.2.5-1: Time in handoff simulation data

From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed larger Time in handoff for aerial UE at least in moderate and high speed cases. For low speed cases, e.g. 3km/h, contrary trends from two companies are observed.
J.2.6
Time in Qout

Table J.2.6-1: Time in Qout simulation data.

	Handover metrics
	UE Speed [km/h]
	    UE Height                [m] 
Source
	0m
	50m
	100m
	300m

	Time in Qout [%]
	3km/h
	source 1
	0.10%
	33.22%
	33.18%
	49.10%

	
	
	source 3
	1.15%
	0.06%
	0.11%
	0.07%

	
	
	source 5
	0.28%
	3.36%
	6.83%
	17.69%

	
	
	source 6
	0.00%
	0.16%
	0.93%
	1.45%

	
	30km/h
	source 1
	0.98%
	73.72%
	68.81%
	52.32%

	
	
	source 3
	1.16%
	0.94%
	1.85%
	0.59%

	
	
	source 5
	0.45%
	7.59%
	12.71%
	22.34%

	
	
	source 6
	0.01%
	0.88%
	5.54%
	9.44%

	
	60km/h
	source 1
	2.78%
	77.31%
	73.23%
	52.56%

	
	
	source 3
	1.32%
	2.32%
	4.85%
	1.86%

	
	
	source 5
	0.86%
	10.57%
	16.62%
	25.72%

	
	
	source 6
	0.03%
	1.70%
	8.28%
	16.45%

	
	160km/h
	source 1
	16.86%
	78.63%
	74.82%
	54.26%

	
	
	source 3
	3.39%
	7.05%
	11.65%
	11.24%

	
	
	source 5
	2.83%
	17.63%
	25.48%
	34.40%

	
	
	source 6
	0.36%
	4.18%
	18.23%
	31.00%
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Figure J.2.6-1: Time in Qout simulation data

From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed larger Time in Qout for aerial UE in all speed cases.
J.2.7
Ping-Pong rate

Table J.2.7-1: Ping-Pong rate simulation data.
	Handover metrics
	UE Speed [km/h]
	    UE Height                [m] 
Source
	0m
	50m
	100m
	300m

	Ping pong rate [%]
	3km/h
	source 1
	9.07%
	3.10%
	8.90%
	11.30%

	
	
	source 2
	10.42%
	6.41%
	0.22%
	0.00%

	
	
	source 3
	41.83%
	23.04%
	22.73%
	22.95%

	
	
	source 5
	14.81%
	4.76%
	5.88%
	1.92%

	
	30km/h
	source 1
	9.19%
	2.56%
	4.74%
	11.61%

	
	
	source 2
	16.31%
	13.93%
	6.80%
	0.00%

	
	
	source 3
	40.29%
	18.46%
	14.87%
	13.20%

	
	
	source 4
	15.28%
	7.89%
	0.01%
	0.00%

	
	
	source 5
	2.86%
	10.12%
	18.43%
	10.77%

	
	60km/h
	source 1
	14.80%
	2.42%
	4.99%
	12.30%

	
	
	source 2
	13.84%
	9.77%
	10.01%
	0.10%

	
	
	source 3
	35.39%
	17.21%
	16.65%
	8.20%

	
	
	source 4
	15.78%
	6.35%
	1.76%
	0.00%

	
	
	source 5
	4.16%
	10.31%
	10.62%
	9.37%

	
	160km/h
	source 1
	28.10%
	2.92%
	5.11%
	10.81%

	
	
	source 2
	8.70%
	3.00%
	5.23%
	1.64%

	
	
	source 3
	21.55%
	17.00%
	21.82%
	10.63%

	
	
	source 4
	13.25%
	7.07%
	5.89%
	0.04%

	
	
	source 5
	5.51%
	8.04%
	9.20%
	6.45%
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Figure J.2.7-1: Ping-Pong rate simulation data
From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed lower Ping-Pong rate for aerial UE in high speed cases.
J.3
Simulation results for RMa

J.3.1
Introduction

For RMa scenario four companies provided simulation results, and the results are gathered and compiled into the same figure for each KPI.
J.3.2
Handover rate

Table J.3.2-1: Handover rate simulation data

	Handover metrics
	UE Speed [km/h]
	     UE Height 
[m]             
Source
	0m
	50m
	100m
	300m

	Handover rate [HOs/UE/sec]
	3km/h
	source 1
	0.002176
	0.002482
	0.002676
	0.000747

	
	
	source 2
	0.006295
	0.000548
	0.000108
	0.000107

	
	
	source 3
	0.075322
	0.134409
	0.104070
	0.148468

	
	
	source 6
	0.000742
	0.002255
	0.001990
	0.004745

	
	30km/h
	source 1
	0.021061
	0.028081
	0.018318
	0.006994

	
	
	source 2
	0.047708
	0.003358
	0.005235
	0.006383

	
	
	source 3
	0.079018
	0.140912
	0.121825
	0.157520

	
	
	source 6
	0.009880
	0.018607
	0.019290
	0.017806

	
	60km/h
	source 1
	0.041395
	0.061748
	0.036844
	0.014168

	
	
	source 2
	0.072491
	0.069303
	0.011179
	0.021881

	
	
	source 3
	0.086503
	0.146854
	0.147673
	0.171860

	
	
	source 6
	0.021206
	0.039253
	0.040596
	0.039855

	
	160km/h
	source 1
	0.127528
	0.191405
	0.099513
	0.039660

	
	
	source 2
	0.122250
	0.125383
	0.029119
	0.086803

	
	
	source 3
	0.096772
	0.174901
	0.197988
	0.224491

	
	
	source 6
	0.057453
	0.099521
	0.104998
	0.167279
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Figure J.3.2-1: Handover rate simulation data
From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed higher handover rate for aerial UE in most cases. And the higher the speed or the height of aerial UE is, the higher handover rate can be observed.
J.3.3
HOF rate

Table J.3.3-1: HOF rate simulation data

	Handover metrics
	UE Speed [km/h]
	    UE Height                [m]
Source
	0m
	50m
	100m
	300m

	HO failure rate [%]
	3km/h
	source 2
	4.80%
	19.14%
	56.25%
	1.18%

	
	
	source 3
	6.17%
	1.10%
	3.39%
	0.65%

	
	
	source 6
	10.00%
	72.22%
	81.82%
	96.15%

	
	30km/h
	source 2
	2.51%
	41.17%
	71.50%
	34.06%

	
	
	source 3
	7.63%
	2.18%
	7.49%
	1.31%

	
	
	source 6
	2.26%
	59.38%
	77.22%
	81.19%

	
	60km/h
	source 2
	1.99%
	37.36%
	69.73%
	40.88%

	
	
	source 3
	7.13%
	2.25%
	10.83%
	2.46%

	
	
	source 6
	1.06%
	58.65%
	81.90%
	83.08%

	
	160km/h
	source 2
	1.66%
	32.73%
	65.56%
	47.62%

	
	
	source 3
	8.67%
	6.09%
	17.07%
	9.31%

	
	
	source 6
	7.64%
	56.71%
	86.06%
	95.69%
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Figure J.3.3-1: HOF rate simulation data
From the simulation results, the following initial findings are observed:
1.
From the simulation results of source 6, the HOF rate of terrestrial UE is lower than that of aerial UE, and the HOF rate keeps increasing as the height grows.
2.
From the simulation results of source 3, for speed lower than 30km/h, the HOF rate of terrestrial UE is higher than that of aerial UE. For speed higher than 60km/h, the HOF rate of aerial UE at 100m height reaches the top, obviously higher than that of terrestrial UE. At other heights the HOF rate is lower than that of terrestrial UE.
J.3.4
RLF rate

Table J.3.4-1: RLF rate simulation data

	Handover metrics
	UE Speed [km/h]
	UE Height
           [m]
Source
	0m
	50m
	100m
	300m

	Radio Link Failure (RLF) rate [RLF/UE/sec]
	3km/h
	source 1
	0.000140
	0.000734
	0.002236
	0.000627

	
	
	source 3
	0.000164
	0.000234
	0.000515
	0.000211

	
	
	source 6
	0.000037
	0.001962
	0.002985
	0.009247

	
	
	source 2
	0.004286
	0.190109
	0.213758
	0.051113

	
	30km/h
	source 1
	0.001435
	0.007588
	0.009062
	0.003490

	
	
	source 3
	0.000585
	0.000515
	0.002713
	0.000561

	
	
	source 2
	0.002046
	0.238289
	0.204925
	0.095614

	
	
	source 6
	0.000112
	0.007453
	0.017651
	0.052711

	
	60km/h
	source 1
	0.002756
	0.016590
	0.016757
	0.006653

	
	
	source 3
	0.000912
	0.001123
	0.006690
	0.002035

	
	
	source 2
	0.001836
	0.229195
	0.194401
	0.119647

	
	
	source 6
	0.000112
	0.014329
	0.034414
	0.091974

	
	160km/h
	source 1
	0.012573
	0.050450
	0.044912
	0.017231

	
	
	source 3
	0.001895
	0.006269
	0.014901
	0.006643

	
	
	source 2
	0.002324
	0.190845
	0.163924
	0.180705

	
	
	source 6
	0.002196
	0.033254
	0.095453
	0.196799
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Figure J.3.4-1: RLF rate simulation data
From the simulation results, the following initial findings are observed:

1.
Majority of the companies observed higher RLF rate for aerial UE in most cases. And the higher the speed of aerial UE is, the higher RLF rate can be observed.
J.3.5
Time in handoff

Table J.3.5-1: Time in handoff simulation data

	Handover metrics
	UE Speed [km/h]
	    UE Height                [m]
Source
	0m
	50m
	100m
	300m

	Time in handoff [%]
	3km/h
	source 3
	0.42%
	0.59%
	0.53%
	0.63%

	
	
	source 2
	0.0323%
	0.00%
	0.00%
	0.00%

	
	
	source 6
	0.01%
	0.01%
	0.00%
	0.00%

	
	30km/h
	source 3
	0.51%
	0.68%
	0.95%
	0.71%

	
	
	source 2
	0.2673%
	0.1413%
	0.015%
	0.0235%

	
	
	source 6
	0.09%
	0.09%
	0.06%
	0.04%

	
	60km/h
	source 3
	0.58%
	0.79%
	1.66%
	0.95%

	
	
	source 2
	0.4196%
	0.3290%
	0.0333%
	0.0785%

	
	
	source 6
	0.19%
	0.20%
	0.13%
	0.11%

	
	160km/h
	source 3
	0.72%
	1.50%
	3.23%
	2.36%

	
	
	source 6
	0.49%
	0.54%
	0.37%
	0.51%

	
	
	source 2
	0.756%
	0.6829%
	0.108%
	0.274%
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Figure J.3.5-1: Time in handoff simulation data
From the simulation results, the following initial findings are observed:
1.
The Time in handoff of terrestrial UE is lower than that of aerial UE, and as height increases the Time in handoff becomes larger first and then decreases slightly.
J.3.6
Time in Qout

Table J.3.6-1: Time in Qout simulation data

	Handover metrics
	UE Speed [km/h]
	    UE Height                [m]
 Source
	0m
	50m
	100m
	300m

	Time in Qout [%]
	3km/h
	source 1
	0.03%
	3.32%
	53.56%
	34.29%

	
	
	source 3
	0.18%
	0.10%
	0.21%
	0.07%

	
	
	source 6
	0.00%
	0.19%
	0.30%
	0.90%

	
	30km/h
	source 1
	0.29%
	7.57%
	76.01%
	64.14%

	
	
	source 3
	0.26%
	0.18%
	0.62%
	0.13%

	
	
	source 6
	0.00%
	0.45%
	1.65%
	5.31%

	
	60km/h
	source 1
	0.57%
	8.48%
	77.72%
	74.58%

	
	
	source 3
	0.32%
	0.26%
	1.26%
	0.33%

	
	
	source 6
	0.00%
	0.68%
	2.88%
	9.12%

	
	160km/h
	source 1
	2.66%
	13.80%
	79.59%
	80.98%

	
	
	source 3
	0.47%
	0.94%
	2.88%
	1.61%

	
	
	source 6
	0.02%
	1.04%
	7.27%
	18.79%
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Figure J.3.6-1: Time in Qout simulation data
From the simulation results, the following initial findings are observed:
1.
The time in Qout of aerial UE is higher than that of terrestrial UE, but the values are quite low in source 3’s results and very high in source 1’s results.
J.3.7
Ping-Pong rate

Table J.3.7-1: Ping-Pong rate simulation data

	Handover metrics
	UE Speed [km/h]
	    UE Height                [m] 
Source
	0m
	50m
	100m
	300m

	Ping pong rate [%]
	3km/h
	source 1
	6.44%
	5.38%
	2.50%
	0.00%

	
	
	source 2
	32.35%
	4.56%
	0.00%
	0.00%

	
	
	source 3
	35.64%
	26.36%
	25.15%
	25.10%

	
	30km/h
	source 1
	6.82%
	8.01%
	2.70%
	0.29%

	
	
	source 2
	51.15%
	8.35%
	2.75%
	12.09%

	
	
	source 3
	35.55%
	24.99%
	22.58%
	23.22%

	
	60km/h
	source 1
	7.00%
	11.74%
	3.23%
	0.75%

	
	
	source 2
	47.12%
	12.14%
	2.958806
	12.57%

	
	
	source 3
	34.18%
	23.34%
	22.30%
	19.62%

	
	160km/h
	source 1
	15.00%
	19.29%
	4.27%
	2.61%

	
	
	source 2
	35.13%
	12.73%
	3.80%
	13.65%

	
	
	source 3
	26.82%
	19.13%
	19.33%
	17.96%


[image: image133.png]40.00%

30.00%

20.00%

10.00%

0.00%

3km/h

100m

Msourcel Msource2 Msource3

300m



 [image: image134.png]30km/h

60.00%
50.00%
40.00%
30.00%

20.00%

10.00% I I I
ll .

100m 300m

Msourcel Msource2 Msource3




[image: image135.png]60km/h

50.00%
40.00%

30.00%

20.00%

10.00% II II
0.00%

100m 300m

Msourcel Msource2 Msource3



 [image: image136.png]40.00%

30.00%

20.00%

10.00%

0.00%

160km/h

100m

Msourcel Msource2 Msource3

300m




Figure J.3.7-1: Ping-Pong rate simulation data
From the simulation results, the following initial findings are observed:
1.
Majority of the sources observed the result that the Ping-Pong rate of terrestrial UE is higher than that of aerial UE, and as height increases the Ping-Pong rate continues to lower down too.

J.4
Observations on mobility performance for Aerial UEs 
Based on the simulation results from all companies, we have the following observations:

1. UMa scenario:

	KPI
	Observations

	Handover rate
	From the simulation results, the following initial findings are observed:

1.
From the simulation results from source 1, source 2 and source 3 (3km/h and 30km/h), it can be observed that the handover rate of terrestrial UEs is higher than that of aerial UEs. And as height increases the handover rate firstly decreases, then increases slightly within a small range.

2.
From the simulation results from source 4, source 5, source 6 and source 3(60km/h and 160km/h), it can be observed that the handover rate of terrestrial UEs is lower than that of aerial UEs. And as height increases the handover rate firstly increases obviously, and then decreases slightly.
No conclusion can be derived from the two different trend for this KPI. The reason of the different trends could bethat, the DL interference suffered by the UEs in some companies’ simulation is more severe than that suffered by the UEs in other companies’ simulation procedure. Hence, it is possible that smaller handover number is due to the higher level of DL interference causing the radio link failure before the handover is triggered.

	HOF rate
	1. 
Majority of the companies observed higher HOF rate for aerial UE in most cases. And the higher the speed or the height of aerial UE is, the higher HOF rate can be observed.
2. 
One company observed lower HOF rates for aerial UEs compared to terrestrial UEs for lower speeds (up to 30km/h).

	RLF rate
	Majority of the companies observed higher RLF rate for aerial UE in most cases. And the higher the speed of aerial UE is, the higher RLF rate can be observed.

	Time in handoff
	Majority of the companies observed larger Time in handoff for aerial UE at least in moderate and high speed cases. For low speed cases, e.g. 3km/h, contrary trends from two companies are observed.

	Time in Qout
	Majority of the companies observed larger Time in Qout for aerial UE in all speed cases.



	Ping-Pong rate
	Majority of the companies observed lower Ping-Pong rate for aerial UE in high speed cases.




2. RMa scenario:

	KPI
	Observations

	Handover rate
	1.
Majority of the sources observed higher handover rate for aerial UE in most cases. And the higher the speed or the height of aerial UE is, the higher handover rate can be observed.

	HOF rate
	1.
From the simulation results of source 6, HOF rate of terrestrial UE is lower than that of aerial UE, and the HOF rate keeps increasing as the height grows.

2.
From the simulation results of source 3, for speed lower than 30km/h, the HOF rate of terrestrial UE is higher than that of aerial UE. For speed higher than 60km/h, the HOF rate of aerial UE at 100m height reaches the top, obviously higher than that of terrestrial UE. At other heights the HOF rate is lower than that of terrestrial UE.

	RLF rate
	Majority of the sources observed higher RLF rate for aerial UE in most cases. And the higher the speed of aerial UE is, the higher RLF rate can be observed.

	Time in handoff
	The Time in handoff of terrestrial UE is lower than that of aerial UE, and as height increases the Time in handoff becomes larger first and then decreases slightly.

	Time in Qout
	The time in Qout of aerial UE is higher than that of terrestrial UE, but the values are quite low in source 3’s results and very high in source 1’s results.

	Ping-Pong rate
	Majority of the sources observed theresults that the Ping-Pong rate of terrestrial UE is higher than that of aerial UE, and as height increases the Ping-Pong rate continues to lower down too.


In general, a better mobility performance can be observed and expected in rural area networks compared to urban area networks.
Based on the study, the conclusion was reached those potential solutions to address the mobility issues of the aerial UEs are needed.
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