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1	Introduction
In December 2021 RAN#94 has approved Rel-18 work on NR Uncrewed Aerial Vehicles (UAVs), see [1]. One of the primary objectives is defined as follows:
	1. Specify the following enhancements on measurement reports [RAN2]:
· UE-triggered measurement report based on configured height thresholds
· Reporting of height, location and speed in measurement report
· Flight path reporting
· Measurement reporting based on a configured number of cells (i.e. larger than one) fulfilling the triggering criteria simultaneously
Note: Work done in LTE is a starting point for this objective. NR-specific enhancements can be considered, if needed, while overall the LTE and NR solutions should be harmonized as much as possible.



In RAN2#119 among the others, we proposed [2]:
Proposal 10: In measurement reporting based on numberOfTriggeringCells study how to avoid sending the measurement reports mainly due to reportOnLeave.
And the following has been agreed during RAN2#119 [3]:
	4	Introduce similar functionality to LTE (numberofTriggeringCells).  FFS whether numberoftriggerbeams for NR is required or other enhancements.  FFS study how to avoid sending the measurement reports mainly due to reportOnLeave.



This paper is focused on the measurement reporting on a configured number of cells and will present results showing how the LTE solution can be optimised.
2	Measurement reporting based on a configured number of cells
2.2	LTE Release 15 solution
In order to be able to detect the interferences caused and experienced by UAV UEs, LTE Rel-15 has introduced a possibility to trigger measurement reporting only if numberOfTriggeringCells (greater than one) fulfils the reporting criteria. This applies to measurement events A3, A4 and A5 [4] The report is sent for the first time when numberOfTriggeringCells is reached. Then, when new cells are added to the set of cells that meet the reporting criteria for A3, A4, A5, no reporting occurs. Additional reports may be sent only if report on leave is configured and one of the cells that met the reporting criteria has now fulfilled the leave conditions. As it was shown in [5][6], such scheme is somewhat inefficient as nearly all reports are sent with reportOnLeave cause. Due to such design and also due to the effect that a measurement report maximally contains the values for 8 cells, the NW is not aware when additional cells (i.e. well above numberOfTriggeringCells) have met the reporting criteria. Thus, we suggest to thoroughly reconsider how the actual reporting happens.
A first aspect to be considered is whether there is a removal of measurement object (measObjectId) and measurement identification (measId) at serving cell change (RRC reconfiguration after handover). If these are removed (Section 5.5.2.4 in TS 38.331) then the UE removes also the corresponding measurement reporting entry from VarMeasReport, the variable where cellsTriggeredList for this particular measID is stored. If the same measId and measObjects are consistently kept after reconfiguration (for example, delta configuration is used during HO and target configures the measurements the UE shall continue) then the UE is not supposed to remove the entries in VarMeasReport and the UE should not start counting the cells that meet certain event from zero. Therefore, keeping measId and measObjects would minimize the number of reports sent by the UE.
Observation 1: When the same measId and measObjects are consistently kept after reconfiguration (for example, delta configuration is used during HO and target configures the measurements the UE shall continue) then the UE is not supposed to remove the entries in VarMeasReport and the UE should not start counting the cells that meet certain event from zero, leading to lower number of reports sent.
Proposal 1: For measurement reporting enhancements assume that the same measId and measObjects are consistently kept after RRC Reconfiguration.
A second open issue is whether we can enhance the reporting mechanism by making triggering conditional on PCIs i.e., send the report only if particular cell has met the entry criteria? NR RRC allows to have a white cell list and blocked cell list. So in theory this could be possible. If RAN2 is interested in this direction, it needs to be checked how current ASN.1 can support the combination of white cell list and numberOfTriggeringCells.
Proposal 2: Study the feasibility of joint configuration of allowed cell list and numberOfTriggeringCells which can be beneficial to further enhance the reporting and make the triggering conditional on PCIs.
A third aspect, and potential enhancement, is related to the amount of information transferred between the source and target cells at handover. Measurement results received from the UE at the source cell, containing information for up to 8 measured cells are shared between source and target cell before the handover. This is the basis for target node to decide whether to handover the user. When multi-cell triggering mechanism are used it is still open if this amount of information is sufficient to enable proper tracking of the interfering/interfered cells along the flight path of the AV.
3	Evaluations
In this section we present results of the evaluation of the reporting based on triggers proposed in LTE Rel. 15 (Section 2.2) and compare it to some of the potential enhancements discussed above (Section 2.3).
3.1	Simulation setup
We started evaluating the performance of the triggering and reporting mechanisms discussed in Section 2, using a network-wide simulation setup as shown in the Annex, Figure 10. The configuration of the mobility events which we have evaluated are listed in the Annex, Table 1.
The network deployment is modelled as a simple hexagonal base station layout, with 3-sector base station and classical 3GPP antenna patterns, down tilt angles, transmit power, etc. The 3GPP rural propagation model used is the AV propagation model in TR36.777 also used for the evaluation results in [5][6]. We only consider the LOS radio propagation conditions as most relevant for the UAV flight altitudes investigated here, namely 50 m and 100 m.
The UAV flight path was chosen as circular path, around the centre of network deployment area, and at constant altitude. The simulation step size is chosen to be 5 m along the flight path and the RSRP levels, events/triggers and reports are evaluated once per step. This simulation step corresponds to a time step of approximately 330 ms with a constant flying speed of 15 m/s, which is a typical speed for commercial UAV flying platform at the considered altitudes in rural environment in good flying conditions [9]. The 330 ms time step fits well with typical L3 measurement filtering window and because we simulate spatially consistent (correlated) shadow fading this time step was considered as a good trade-off between simulation complexity and targeted results in terms of multi-cell measurement reports.
The A3 event and reporting is used for handover purposes, configured as indicated in Table 1. Due to the simulation step approach, and lack of explicit fast fading simulation, the Layer 3 filtering is not explicitly simulated, and we simply assume the shortest TTT setting possible for multi-cell triggering in LTE of 40 ms being used. The hysteresis parameter is set to 0dB because we are in LOS channel conditions low shadow fading variations conditions. We further assume that the A3 report contains the 8 strongest cells considering their RSRP.
The A4 event and its variations using multi-cell triggering have been investigated. Due to similar consideration as for the A3 event we use TTT=40ms and the A4 report contains up to 8 detected cells with RSRP above the set threshold value. The A4 threshold value was chosen such that to maximise the usefulness of this trigger, based on the RSRP distributions, separately for each UAV height scenario (see Section 3.2). We also consider that the source cell transfers the whole list of triggering cells to the target cell. 
The currently defined LTE multi-cell trigger only targets entry condition and optionally a leave condition report can also be generated (reportOnLeave). As part of the proposed enhancements (see Section 2.3) we have evaluated event A4 with multi-cell triggering and multi-cell leave reports, as suggested in [8]. An additional alternative mechanism, with A4 event based on number of changed triggering cells (numberOfChangedTriggeringCells, entry/leave conditions) has been also evaluated. The configured numberOfChangedTriggeringCells is used as threshold in the counted number of cells added (entry) or removed (leave) from the UE list.
3.2	Simulation results
3.2.1	RSRP distribution
We show in Figure 1 the distribution of the RSRP values as evaluated at the UAV for the serving cell and the 8 strongest neighbour cells. The distributions are across all simulation steps and circular paths at a given UAV altitude. We have selected based on these distributions the A4 Thresh parameter values according to a simple principle: capture with at least 99% probability the 3 strongest neighbours. This principle was used considering the main target for the measurement reports i.e., to be used by the network to estimate the most interfering/interfered cells for each UAV location. 
[image: ][image: ]
[bookmark: _Ref114492433]Figure 1: Serving and neighbour cell RSRP distributions for two different UAV flight paths altitudes. Left: 50m altitude. Right: 100m altitude. The selected A4 Thresh values are indicated with a vertical line for each scenario: -86dBm for 50m and -79dBm for 100m.
3.2.2	Ideal number of triggering cells
In Figure 2 and Figure 3 we show example realisations and traces for the number of detect cells above the A4 Thresh (triggering cells as detected at the UE) for UAV flight altitude of 50m and 100m, respectively. The UE is assumed to be able to ideally detect all cells simulated and can select all the cells with the RSRP levels above the A4 Thresh value. We denote this as the “UE list”.
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[bookmark: _Ref114492796]Figure 2: Left: One UAV flight path realisation at 50m altitude, with color coding of the number of cells detected based on A4 event. Right: Trace of number of detected cells with 𝑅𝑆𝑅𝑃 ≥ 𝑇ℎ𝑟𝑒𝑠ℎ=-86dBm vs. simulation step.
[image: ]
[bookmark: _Ref114492903]Figure 3: Left: One UAV flight path realisation at 100m altitude, with color coding of the number of cells detected based on A4 event. Right: Trace of number of detected cells with 𝑅𝑆𝑅𝑃 ≥ 𝑇ℎ𝑟𝑒𝑠ℎ=-79dBm vs. simulation step.
The first aspect to note is that with the selected A4 Thresh values, the number of triggering cells as detected at the UE are very similar when comparing the 50m and 100m altitude flight paths. This indicates that with a height dependent choice of the Thresh values the number of reports can be reduced at higher flight altitudes.
Observation 2: The evaluation results indicate that with a height dependent choice of the A4 Thresh values, the number of reports can be reduced at higher flight altitudes.
In the following we analyze the results from the simulations using the UAV flight path at 50m altitude.
3.2.2	Number of A4 events and reports
In this section we analyze the actual number of triggering cells and number of repots generated based on the A4 event configurations listed in Annex Table 1.  In addition to the ‘UE list’ (of triggering cells) described in Section 3.2.1, we define the ‘Network list’ as the list of cells, and their RSRP, built (collected) at the network side using the measurement reports received from the UE. The UE measurement reports include reports based on the A3 event and one of the A4 events in Annex Table 1.  The assumption is that the network list is maintained across the different serving cells i.e., the list information is passed from the source cell to the target cell when a handover is executed. This information exchange would require additional signalling between the cells to be introduced in the specifications. However, this assumption provides us with the ‘upper bound’ performance in terms of interfering cells knowledge at the network side.
The overall performance in terms of interfering cells knowledge available at the network is evaluated using the ‘Total mismatch’ metric, which indicates the number of differences between the entries in the UE list and the Network list. Both UE list and the Network list are updated every simulation step based on the corresponding available information at the UE and network side, respectively.
Consequently, we show the evaluation results as traces vs. simulation/time step for: i) UE list, ii) Network list, iii) A4 event based triggers, and iv) Total mismatch. We show first only one trace corresponding to one circular flight path (out of the 10 simulated). The statistically averaged results across all flight paths are shown later in this section.
Figure 4 shows the results for the baseline A4 event, without any multi-cell triggering options. From these results we can conclude that the baseline A4 event reports, although relatively high in number, are not sufficient for collecting knowledge at the network side on the interfering cells at the UAV UE. In some parts of the flight path, the Network list contains up to 7 cells which are no longer detected at the UE (not in the UE list), thus are irrelevant for any interference mitigation procedures.
Observation 3: The baseline A4 event reports, without any multi-cell triggering options, are not sufficient for collecting knowledge at the network side on the interfering/interfered cells by the UAV UE.
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[bookmark: _Ref114559468]Figure 4: Event A4 based reports vs. simulation step. Top: Trace of number of detected cells (UE list) based on A4 event, and the corresponding number of cells in the network list. Bottom: Trace of the number of cells not present in the network list after receiving the A4 measurement report. The circles indicate the simulation steps where the A4 reports have been generated and sent.




[bookmark: _Hlk114560786]Figure 5 shows the results for the LTE multi-cell A4 event, numberOfTriggeringCells=4 and reportOnLeave triggering options. From these results we can first conclude that the number of reports is slightly higher as in the case of the baseline A4 event (Figure 4) and these are mostly due to the reportOnLeave triggers, as the number of cells detected above the Thres is most of the time larger than 4. The results for the Total mismatch indicate that the network can track better the list of relevant interfering cells compared to the baseline A4 event results. 
Observation 4: The LTE multi-cell A4 event with numberOfTriggeringCells=4 and reportOnLeave triggering configuration, generates the slightly higher number of reports compared to the baseline A4 event and provides improved performance in terms of network capability to track the list of relevant interfering cells at the UAV UE.
We observed that by setting the numberOfTriggeringCells parameter to 8, it would also be possible to better utilize the reports. Nevertheless, it would be desirable to reduce the number of reports and associated signalling overheads, as it was concluded also in the LTE Release 15 study.
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[bookmark: _Ref115422644][bookmark: _Ref114559474]Figure 5: Event A4 with numberOfTriggeringCells=4 and reportOnLeave based reports (AV LTE Rel 15). Top: Trace of number of detected cells (UE list) based on A4 event, and the corresponding number of cells in the network list vs. simulation step. Bottom: Trace of the number of cells not present in the network list after receiving the A4 measurement report vs. simulation step. The circles indicate the simulation steps where the A4 reports have been generated and sent: MCT=Multicell trigger, RoL=Report onLeave.

Figure 6 shows the results for the enhanced multi-cell A4 event, with numberOfTriggeringCells=4 and numberOfLeaveCells=4, based on the proposal in [8]. From these results we can conclude that the total number of reports has decreased by approx. 60% compared to the previous two configuration cases. However, the total mismatch results indicate degradation compared to the LTE multicell A4 trigger results.

Observation 5: The enhanced multi-cell A4 event with numberOfTriggeringCells=4 and numberOfLeaveCells=4, triggering configuration, generates 60% less number of reports compared to LTE multi-cell A4 event configuration, at the cost of degraded performance compared to LTE multi-cell A4 configuration. 
[image: ]
[bookmark: _Ref114559476]Figure 6: Event A4 with numberOfTriggeringCells=4 and numberOfLeaveCells=4 based reports. Top: Trace of number of detected cells (UE list) based on A4 event, and the corresponding number of cells in the network list vs. simulation step. Bottom: Trace of the number of cells not present in the network list after receiving the A4 measurement report vs. simulation step. The circles indicate the simulation steps where the A4 reports have been generated and sent: MCT=Multicell trigger, RoL=Report onLeave.

Figure 7 shows the results for the proposed enhanced A4 event, with numberOfChangedTriggeringCells=4. From these results we can conclude that the number of reports is decreased by approx. 50% compared to the LTE multi-cell A4 event configuration, while the performance is very similar to what is achievable the LTE multi-cell A4 event configuration. This result indicates that for the intended purposes it is more beneficial to generate a report whenever any difference in the cell list (above the set parameter value) is detected compared to setting parameters for the absolute number of triggering and leaving cells. This enhancement has also the additional advantage of requiring only one additional parameter configuration instead of two i.e., has the same complexity as the LTE multi-cell A4 event configuration.

Observation 6: The enhanced multi-cell A4 event with numberOfChangedTriggeringCells=4 triggering configuration, generates 50% less number of reports compared to LTE multi-cell A4 event configuration, and has similar performance compared to LTE multi-cell A4 configuration.  
Proposal 3: Introduce an enhanced multi-cell A4 event with numberOfChangedTriggeringCells as single configuration parameter (in addition to the required A4 Thres parameter).
[image: ]
[bookmark: _Ref114559477][bookmark: _Hlk114561807]Figure 7: Event A4 with numberOfChangedTriggeringCells=4 based reports. Top: Trace of number of detected cells (UE list) based on A4 event, and the corresponding number of cells in the network list vs. simulation step. Bottom: Trace of the number of cells not present in the network list after receiving the A4 measurement report vs. simulation step. The circles indicate the simulation steps where the A4 reports have been generated and sent.
As final set off results, in Figure 8 and Figure 9 we show the average number of errors (mismatch) between the UE list and the Network list vs. the number of reports generated for the different A4 based event triggers (see Annex Table 1). We show these results for 50m and 100m UAV flight altitudes, and for various configuration parameter values for the same event trigger (bars with the same color) to indicate the possible trade-off between achievable performance and number of reports. In addition to the Total mismatch performance as presented in the previous figures, here we also show the errors in the Network list due to Unreported added cells and Unreported deleted/removed cells from the UE List. These latter types of errors can have different consequences for the interference mitigation techniques applied in the network.
The results in Figure 8 show that by using higher configuration parameter values for the same event trigger it is possible to decrease the number of reports at the cost of the performance. In general, with the enhanced event A4 with numberOfChangedTriggeringCells trigger configuration, a good trade-off can also be achieved with approx. 50% less reports compared to the LTE multi-cell A4 event configuration (numberOfTriggeringCells=4, and reportOnLeave) while achieving similar performance in terms of number of mismatches in the cells lists at the UE and Network.
Observation 7: The enhanced multi-cell A4 event triggering configurations with multi cell leave conditions, can achieve a trade-off between number of reports and performance depending on the configured parameter values (numberOfTriggeringCells or    numberOfTriggeringCell and numberOfLeaveCells, or numberOfChangedTriggeringCells.)
Comparing the results obtained for the 50m and 100m UAV flight altitudes, we can conclude that a similar performance trend is observed as described above. At 100m altitude the number of detectable cells is in general higher [5][6], and this leads to slightly increased number of errors compared to the 50m altitude results.
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[bookmark: _Ref114564907]Figure 8: Average mismatch vs. number of reports for the different A4 based event triggers (see Table 1) for UAV flight at 50m altitude. Top: average total mismatch; Middle: average number of errors (mismatch) due to unreported added cells from the UE list; Bottom: average number of errors (mismatch) due to unreported removed cells from the UE list. The average values are calculated across the 10 circular flight paths. Bars with the same color indicate the same event trigger with different configuration parameter values.
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[bookmark: _Ref114748602]Figure 9: Average mismatch vs. number of reports for the different A4 based event triggers (see Table 1) for UAV flight at 100m altitude. Top: average total mismatch; Middle: average number of errors (mismatch) due to unreported added cells from the UE list; Bottom: average number of errors (mismatch) due to unreported removed cells from the UE list. The average values are calculated across the 10 circular flight paths. Bars with the same color indicate the same event trigger with different configuration parameter values.

4	Conclusion
This paper addressed the measurement related improvements for NR-connected UAV UEs when number of triggering cells is used. The following observations and proposals have been made:
Observation 1: When the same measId and measObjects are consistently kept after reconfiguration (for example, delta configuration is used during HO and target configures the measurements the UE shall continue) then the UE is not supposed to remove the entries in VarMeasReport and the UE should not start counting the cells that meet certain event from zero, leading to lower number of reports sent.
Observation 3: The baseline A4 event reports, without any multi-cell triggering options, are not sufficient for collecting knowledge at the network side on the interfering/interfered cells by the UAV UE.
Observation 4: The LTE multi-cell A4 event with numberOfTriggeringCells=4 and reportOnLeave triggering configuration, generates the slightly higher number of reports compared to the baseline A4 event and provides improved performance in terms of network capability to track the list of relevant interfering cells at the UAV UE.
Observation 5: The enhanced multi-cell A4 event with numberOfTriggeringCells=4 and numberOfLeaveCells=4, triggering configuration, generates 60% less number of reports compared to LTE multi-cell A4 event configuration, at the cost of degraded performance compared to LTE multi-cell A4 configuration. 
Observation 6: The enhanced multi-cell A4 event with numberOfChangedTriggeringCells=4 triggering configuration, generates 50% less number of reports compared to LTE multi-cell A4 event configuration, and has similar performance compared to LTE multi-cell A4 configuration.  
Observation 7: The enhanced multi-cell A4 event triggering configurations with multi cell leave conditions, can achieve a trade-off between number of reports and performance depending on the configured parameter values (numberOfTriggeringCells or    numberOfTriggeringCell and numberOfLeaveCells, or numberOfChangedTriggeringCells).
Proposal 1: For measurement reporting enhancements assume that the same measId and measObjects are consistently kept after RRC Reconfiguration.
Proposal 2: Study the feasibility of joint configuration of white cell list and numberOfTriggeringCells which can be beneficial to further enhance the reporting and make the triggering conditional on PCIs.
Proposal 3: Introduce an enhanced multi-cell A4 event with numberOfChangedTriggeringCells as single configuration parameter (in addition to the required A4 Thres parameter).


Annex – Simulation assumptions

	Network layout and model
	3GPP hexagonal grid of 37 cells/sectors
ISD = 2km 
3-sector BSs at 35m height
3GPP TR38.901 sector antenna pattern (3D)
 Sector downtilt = 3deg
Sector gain = 18dBi
 DL TX power = 43dBm
DL bandwidth = 20MHz

	UAV flight path
	Circular path (see left Fig)
10 circular paths 
2000 points per path @ 5m step
Constant height, hUAV = 50m or 100m

	Propagation model
	3GPP AV Rural (FR1), 
Height dependent LOS model
n = 2.3@50m
n= 2.0 @100m
Shadow fading maps (one per simulated circular flight path), 
STD = 4dB
No fast fading
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[bookmark: _Ref114141326]Figure 10: Network layout and UAV flight path modelling



[bookmark: _Ref114141369]Table 1: Triggering event and measurement reporting configurations simulated
	Event
	Configuration

	Event A3 
	 
  
 UE reports up to 8 strongest RSRP cells
Used for RSRP based hand-over

	Event A4
	𝑅𝑆𝑅𝑃  ≥ 𝑇ℎ𝑟𝑒𝑠ℎ
 𝑇ℎ𝑟𝑒𝑠ℎ = -86dBm @50m, -79dBm @100m
UE reports up to 8 cells

	Event A4 with numberOfTriggeringCells
	A4 as above
 NumberOfTriggeringCells = {4}

	Event A4 with numberOfTriggeringCells and reportOnLeave
	A4 as above
 NumberOfTriggeringCells = {4}

	Event A4 with numberOfTriggeringCells and numberOfLeaveCells*
	A4 as above
 NumberOfTriggeringCells =  numberOfLeaveCells =  {2,4,8}

	Event A4 with numberOfChangedTriggeringCells*
	A4 as above
 numberOfChangedTriggeringCells = {2, 3 ,4, 8}

	*Note: New, tentative terms introduced for the sake of explanations.
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