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1. Introduction

One of the listed objectives of study item “Study on enhanced Support for Aerial Vehicles” [1] is:
In terms of LTE enhancements, the study should consider the following aspects:

· Interference mitigation solutions for improving system-level performance in both UL and DL [RAN1].
Additionally, in RAN1 #90 and item 5.2.8 of [6] it was agreed that:

Agreement:
Following potential solutions for interference mitigation are further evaluated in RAN1#91

· For Downlink,

· Network coordination

· CoMP

· Note: companies should provide their assumptions on the coordination set size.

· ICIC/eICIC/FeICIC

· Note: companies should provide their assumptions on the coordination set size.

· Resource reservation

· Receive Beamforming (i.e., IRC receiver)

· Other solutions are not precluded

Implementation based solutions are not precluded in the evaluation
Within the document we evaluate the DL system-level performance with and without the presence of AV, and no use of any interference mitigation technique, and use them as reference. Then, in the presence of AV, we present the performance impact of several DL AV interference mitigation solutions. Based on the presented results and discussion, we make some observations and introduce some proposals.  
This document is a revision of [7] focusing on the DL and showing results obtained by applying additional evaluation assumption agreements for aerial vehicles up to RAN1 #90, see section 5.2.8 of [6], and corresponding email discussions summarized in [5].
2. Discussion

The increased visibility and LOS probability of aerial vehicles towards eNBs compared to terrestrial devices shows to have a significant impact in the DL (Figure 1). 
Simulation results shown within this section are obtained using the simulation properties shown in the APPENDIX A. 
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Figure 1 The increased LOS probability of aerials result to increased DL inter-cell interference experience by aerials. 
In the DL, aerials are easier reachable from signals of inter-cells and this has an impact of 10dB average DL SINR degradation compared to the DL SINR of the terrestrial UEs (UMa-AV, Case5). The DL SINR of the terrestrial devices is not affected by the presence of aerials (Figure 2).
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Figure 2 DL SINR CDF performance of terrestrial, aerial and all network UEs.
Observation 1: The system-level results show that the aerial device presence inside an LTE network provides a limited DL connectivity for aerial devices. This observation calls for the use of interference mitigation method(s) for the DL.

Aerial devices are not expected to require downloading high data packets, since DL will mainly, or solely, contain command and control traffic. This is already highlighted in agreements, i.e. see section 6.2.8.2 of [2] and agreements on evaluation assumptions for aerial vehicles. Of course, the performance of ground UEs shall not be impacted by the presence of aerial devices.

Proposal 1: Any agreed DL interference mitigation technique(s) for the improvement of DL SINR of aerials shall not be expected to fully recover their DL SINR degradation compared to the corresponding DL SINR of terrestrial UEs. The improvement shall be sufficient to allow the required DL traffic for command and control information of aerial devices.    
The following sections provide some proposals for achieving the SINR improvement mentioned in Proposal 1. The main metric for evaluating the DL performance of a user k is the DL wideband SINR [image: image4.png]YoL



 given by the expression:
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 is the downlink average received wideband signal power of the serving cell i at user k, and [image: image9.png]


 is the downlink average received wideband signal power of the nth interfering cell at user k, [image: image11.png]


 is the noise power, and N is the total number of cells (sectors) in the network. 
2.1. Downlink Aerial Vehicle Interference Coordination
The increase of LOS probability that aerial vehicles experience has the effect of extending the cell range of the network’s cells and significantly increase the impact of DL inter-cell interference. Thus, although some traditional methods for interference coordination (IC) can be used, the severity of the interference experienced by aerials and terrestrial UEs might require further improvements to the existing IC methods.   
Looking at equation (1), the DL SINR can be improved by either increasing the numerator, and/or decreasing the interference summation of the denominator. 
The DL SINR numerator can be increased by adding more cells to act as serving cells. This would at the same time reduce the denominator as those cells would not act as interferers anymore. This procedure describes the existing Joint Transmission Coordinated Multipoint (JT CoMP) method traditionally used for cell edge interference mitigation (Figure 3a). This method combines transmissions from two or more cells so that they no longer acts as an interfering cells but also improve the quality of the received signal. However, JT CoMP requires exchange of not only control information, but also DL data over the X2-interface between the set of coordinated cells. This significantly increases the X2-interface traffic as the number of coordinated cells increase. 
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Figure 3 Aerial vehicle DL interference mitigation using (a) JT CoMP, and (b) ABS eICIC.
The DL SINR denominator of (1) can be alternatively decreased by removing some of inter-cells from the interference summation. This can be done by muting some of the inter-cells when an aerial is receiving its downlink signal (Figure 3b). This procedure resembles the Almost Blank Subframe (ABS) used in eICIC where macro-cells transmit only broadcast information (CRS, PSS, SSS, PBCH) to allow the cell range extension of smaller cells. Since this method does not increase the numerator of the DL SINR but only reduces the denominator, the DL SINR gain is smaller compared to JT CoMP for the same number of coordinated cells. However, ABS coordination between cells only requires the exchange of control messages and not data messages over the X2-interface. 
The increased DL interference experienced by aerials might require the coordination of several cells to reduce the interference to an acceptable level.  JT CoMP requires the DL data destined to an aerial to be exchanged over X2 for all coordinated cells, thus, the backhaul traffic increase can be a limiting factor as to how many cells can be selected for joint transmission. If the X2 data traffic does not allow further increase of JT cells, the network can choose some more cells to be muted during the DL of an aerial. 
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Figure 4 Aerial vehicle DL interference mitigation using a hybrid JT/ABS method. 
Thus, a hybrid IC technique can be introduced which would allow a set of M cells for joint transmission and another set of L cells for muting using ABS during the DL of an aerial vehicle (Figure 4). The control message for the necessary coordination of those M+L cells should be the same, also indicating to each cell if it is a JT or an ABS cell. The M JT cells will additionally have to receive the data message of the aerial to transmit. 
In this hybrid JT/ABS IC method, the serving cell can be the main point of coordination. It can collect the RSRP/RSRQ of intra-frequency cells and determine the strongest aggressor cells and, based on the X2 traffic situation, determine M cells for JT and L cells for ABS. The eNB will additionally need to make sure that the selected M+L cells are within the range of the aerial since there can be cases where an aggressor cell is too far to allow time alignment with the other selected cells for interference coordination and the aerial vehicle.  
[image: image15.png]CcOF

UMa-AV, 2GHz, Cases

s

sl

07k

sk

05k

Aerial UTs - No AV IC
Aerial UTs - ABS(2)

Aerial UTs - ABS()

Aerial UTs-CoMP(2)

Aerial UTs-COMP(2)+ABS(2)
Aerial UTs-CoMP(4)

— — ~Terestial UTs

-10

10
DL SINR (48)

15

20 25 a0




Figure 5 DL SINR CDF performance of aerials with various combinations of (M) JT and (L) ABS cells (solid lines) compared to the DL of terrestrial UEs (dashed line).
Figure 5 shows the DL SINR CDF performance when applying JT-CoMP or ABS-eICIC. Also, results for a hybrid JT-CoMP/ABS-eICIC are also shown. The figure shows that for a combination of two JT and two ABS cells, the network is able to keep the DL SINR of aerials above the -6dB SINR level and more than 50% of the average DL SINR degradation when compared to the DL SINR of terrestrial UEs. This performance might be sufficient for the low DL data requirements of aerial vehicles. 
Observation 2: The combination of JT-CoMP and ABS-eICIC shows performance benefit for the DL of aerial devices in cases when there is a limitation of adding more JT-CoMP cells (e.g. due to increased X2-interface traffic).
Proposal 2: Introduce a DL aerial vehicle interference coordination (AV IC) method which allows a combination of cooperative multipoint joint transmission and almost-blank-subframes transmission. The selection of the cooperative cells and the type of interference mitigation method of each cell can be determined by the amount of experienced interference at the AV, the X2-interface traffic situation, etc.
2.2. Aerial Vehicle Beam-forming and Beam-steering

Ground UEs are equipped with omni-directional antennas to be able to communicate with eNBs within the scattering rich terrestrial environment which results to wide angle-of-arrival angle spreads. Additionally, shadow fading caused by terrestrial obstacles protect ground UEs from inter-cell interference. 
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Figure 6 Aerial vehicle DL inter-cell interference when using (a) omni-directional antenna, (b) LOS agnostic beamforming, and (c) LOS gnostic beamforming.  

However, for aerial vehicles the above are not true since the increased LOS probability limits the azimuth and zenith angle of arrival spreads while shadow fading is significantly reduced leaving the aerials unprotected from receiving and causing interference (Figure 6a). 
Observation 3: The use of omni-directional antennas for aerial vehicles is neither necessary nor beneficial.

Proposal 3: Consider the use of directional antennas for aerial vehicles as a method for DL interference mitigation. 
Beam forming can be used to increase the DL SINR by pointing the main beam away from inter-cells and towards the serving cell. This can be done by the use of multiple antennas at the eNB, but can also achieved by the use of directional receive antennas at the aerials.
Aerial devices could be equipped with directional antennas so that they can limit the DL intra-cell interference they experience. In case the UE is not aware of the serving cell LOS direction (LoS-agnostic beamforming), it would be obliged to beam-steer towards an arbitrary direction (e.g. direction of travel-DoT) so that it reduces the experienced DL interference (Figure 6b). However, when an aerial points its beam away from the serving cell, beamforming can have the negative effect of reducing the DL performance of aerial devices as it will degrade the signal quality received from its serving cell. 

Obviously, the most efficient way to exploit beamforming is when aerials are able to point their antenna broadside towards their serving cell. This will increase their DL signal quality while reducing the received inter-cell interference (Figure 6c). 
In order to achieve this, the aerial vehicle shall be able to beam-track the serving cell. Thus, it shall be capable of steering its main lobe and be aware of the LOS direction of the serving cell (LoS-gnostic beamforming). Serving cell LOS direction can be either estimated by the aerial vehicle, or alternatively it can be signaled by the eNB as network-assisted beam-steering. The eNB can perform LOS angle of arrival (azimuth and zenith) estimation based on a pre-defined coordinate system and send this information to the aerial vehicle so that it can steer its beam towards the serving cell (Figure 7).
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Figure 7 Line-of-Sight azimuth and zenith angles between the serving cell and the aerial based on a pre-defined coordinate system x-y-z. 
Below we present results for LoS agnostic and gnostic aerial vehicle beamforming/steering. The antenna patterns of aerials use the radiation power pattern presented in Table 7.3-1 of [3] but with various azimuth and elevation plain 3dB beam-widths, [image: image21.png]
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respectively.
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Figure 8 DL SINR CDF performance of aerials using agnostic beamforming (DoT tracking) with various beam-widths (solid lines) compared to the DL of terrestrial UEs (dashed line).

Figure 8 shows the impact of different beam-widths in the DL performance of aerials applying LoS-agnostic beamforming. For wider beam-widths the aerial manages to suppress some inter-cell interference and still manages to capture the signal from the serving cell. As the beam-width decreases, the additional inter-cell interference suppression cannot compensate the fact that the serving cell’s signal is also suppressed. Thus, the aerial’s DL performance is benefited by agnostic beamforming only for wide beam-widths, however, it cannot be considered an sufficient interference mitigation method as aerials can be below the -5 dB SINR for 30% of the times, as shown in Figure 8.
Observation 4: Aerial vehicles applying beamforming without the knowledge of the LoS direction to their serving cells offers no significant benefit to the aerials’ DL performance.

Figure 9 shows the benefit of LoS-gnostic beamforming for various beam-widths for the aerial DL performance. The narrower the aerial receiver beam, the more protected the aerial is from inter-cell interference. The fact that the beam points to the serving cell makes sure that narrowing the beam does not have an effect on the reception of the serving cell signal. Notice that the use of narrow beam with LoS-gnostic beamforming can potentially almost fully recover the DL performance compared to the terrestrial UEs. 

Observation 5: Aerial vehicles applying beamforming with the knowledge of the LoS direction to their serving cells significantly improves the aerials’ DL performance.
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Figure 9 DL SINR CDF performance of aerials using gnostic beamforming (LoS tracking) with various beam-widths (dashed lines) compared to the DL of terrestrial UEs (solid line).
The results of LoS-gnostic aerial beamforming show significant improvements for the DL performance of aerial devices. This allows the DL aerial interference problem to be solved by the aerials by adding beam forming and steering capabilities. The serving cell LoS direction can either be estimated by the aerial, or it can be received by the network as a network-assisted beam-steering procedure. In the latter case, the eNB would need to send to the aerial information that would allow it to steer its beam towards the serving cell. For example, the eNB can estimate and transmit the Azimuth angle of Arrival (AoA) and the Zenith angle of Arrival (ZoA), which can be relative to a predefined coordination system, e.g. see Figure 7. To decide if this beam-steering assistance is required, the UE shall be able to communicate to the network its beamforming capabilities and properties (beam-forming capability, beam-steering capability, beam-width, etc.).
Proposal 4: Aerial vehicle beamforming shall be used only when aerials are capable of beam-steering towards the serving cell LoS. In case the aerial is not capable of self-estimating the LoS direction, the LoS direction shall be communicated by the network (network-assisted beam-steering). The UE shall be able to communicate its beamforming capabilities and properties to facilitate this procedure. 
3. Conclusion

In this contribution we have made the following observations:
Observation 1: The system-level results show that the aerial device presence inside an LTE network provides a limited DL connectivity for aerial devices. This observation calls for the use of interference mitigation method(s) for the DL.
Observation 2: The combination of JT-CoMP and ABS-eICIC shows performance benefit for the DL of aerial devices in cases when there is a limitation of adding more JT-CoMP cells (e.g. due to increased X2-interface traffic).
Observation 3: The use of omni-directional antennas for aerial vehicles is neither necessary nor beneficial.
Observation 4: Aerial vehicles applying beamforming without the knowledge of the LoS direction to their serving cells offers no significant benefit to the aerials’ DL performance.
Observation 5: Aerial vehicles applying beamforming with the knowledge of the LoS direction to their serving cells significantly improves the aerials’ DL performance.
Based on these observations we presented the following proposals:
Proposal 1: Any agreed DL interference mitigation technique(s) for the improvement of DL SINR of aerials shall not be expected to fully recover their DL SINR degradation compared to the corresponding DL SINR of terrestrial UEs. The improvement shall be sufficient to allow the required DL traffic for command and control information of aerial devices.
Proposal 2: Introduce a DL aerial vehicle interference coordination (AV IC) method which allows a combination of cooperative multipoint joint transmission and almost-blank-subframes transmission. The selection of the cooperative cells and the type of interference mitigation method of each cell can be determined by the amount of experienced interference at the AV, the X2-interface traffic situation, etc.
Proposal 3: Consider the use of directional antennas for aerial vehicles as a method for DL interference mitigation.
Proposal 4: Aerial vehicle beamforming shall be used only when aerials are capable of beam-steering towards the serving cell LoS. In case the aerial is not capable of self-estimating the LoS direction, the LoS direction shall be communicated by the network (network-assisted beam-steering). The UE shall be able to communicate its beamforming capabilities and properties to facilitate this procedure.
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APPENDIX A
The simulation parameters presented in section 2 are shown in Table 1.

Table 1 Simulation properties.
	Environment
	UMa (Urban Macro)
	Ground UE velocity
	30 km/h

	Carrier frequency
	2 GHz
	Aerial UE velocity
	160 km/h

	Bandwidth
	10 MHz
	Hand Over margin
	0 dB

	Inter Site Distance
	500 m
	Number of eNBs
	37

	Cell type
	Hexagonal, 3 sector
	Number of total  UEs
	855

	eNB antenna height
	35 m
	Average terrestrial UEs per sector
	Case1: 15

	
	
	
	Case5: 10

	Terrestrial UE antenna height
	1.5 m
	Average aerial UEs per sector
	Case1: 0

	
	
	
	Case5: 5

	Aerial UE antenna height
	Uniformly distributed between 1.5m and 300m
	Sector properties:

Bearing angle
Down-tilt angle
Slant angle
	{Sector0, Sector1, Sector2}
{30, 150, 270}0
{100, 100, 100}0
{0, 0, 0}0

	UE frequency allocation
	Single UE full allocation per TTI
	Fast fading
	N/A

	UE uplink power 
	Open loop power control

PC_MAX =23 dBm
α = 0.8, P0 = -92 dBm
	eNB downlink power
	46 dBi


