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1. Introduction

3GPP continues the study of aerial vehicles within LTE networks as required in [1]. Recently, in section 6.2.7.2 of [2] focusing on the DL interference problem for aerial vehicles, the following were captured:
Agreement:
· The throughput performance of the following potential solutions for interference mitigation is further evaluated in RAN1#91
· Directional Tx/Rx antenna pattern at the Aerial UE, considering the following assumptions on main lobe steering capabilities

· Incapable of tracking the serving cell LOS direction

· Capable of tracking the serving cell LOS direction
· FFS: on feasibility of implementation of tracking the serving cell LOS direction

Conclusion:

· The throughput performance and latency of the following network coordination schemes are further evaluated in RAN1 #91 meeting
· Joint transmission for control, data, associated signals

· Considering geographical separation of coordinating cells

· Resource reservation

· ABS, control/data muting

· Other options and combinations are not precluded

· FFS on whether power consumption needs to be considered

In this document we focus on two potential DL interference mitigation techniques for aerial vehicles; directional antennas at the aerial vehicles, and interference coordination methods. In this contribution we:

i. Further evaluate the use of directional antennas patterns at the aerial vehicle as a method for DL/UL interference mitigation. Some initial observations were presented in [3]; however, this document extends the scope by presenting potential alternatives for implementing directional antenna patterns at the UE and methods for LOS estimation and beam-steering. 
ii. Further evaluate network coordination schemes as a method for DL interference mitigation. Some initial observations were presented in [3]; however, this document extends these preliminary results and introduces some limitations of aerial network interference coordination.
During the discussion we make some observations and present some corresponding proposals.
2. Discussion
Properties for simulation results shown in this section can be found in the APPENDIX.
2.2. Directional antennas at the aerial vehicles
In the context of this technical document we refer to as:

1. Antenna configuration: any antenna layout which involves single or multiple antenna elements such as dipole antennas, patch antennas, 1-D/2-D antenna arrays, etc. These configurations can support single-stream or multi-streams for MIMO support using different kind of diversity schemes, i.e. spatial and polarization diversity.
2. Directional antenna: any antenna configuration that results to a far-field antenna pattern which radiates or receives greater power in a specific direction. At the same time, the radiation and reception power away from that direction is significantly reduced. The antenna pattern of a directional antenna is mainly characterized by:
a) the vertical and horizontal antenna patterns, i.e. the antenna gain as a function of the azimuth and elevation angles (see Figure 1), respectively, 
b) the antenna pattern broadside, i.e. the direction of the maximum receive and transmit power, and 
c) the azimuth, ϕ3dB, and elevation, θ3dB,  beam-widths, i.e. is the angles between the half-power (-3 dB) points of the main lobe in the azimuth and elevation plane, respectively. 
Traditionally, directional antennas are used at the eNB side as a way for frequency re-use between sectors in a cellular network. At the UE side omni-directional antennas are deployed which fit well with the scattering-rich terrestrial environment which results to high UE angle spreads and low interference signals from intra-cells due to high path-loss effects. However, in [3] it was shown that directional antennas can be beneficial in high interference-limited scenarios such as aerial vehicles moving above eNB antenna heights. The same conclusions can also be found in literature, e.g. [4]. Aerial vehicle scenarios result to increased LOS probability with a significantly larger number of inter-cells, while the path-loss effects between the aerial UE and the inter-cells are suppressed. 
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Figure 1 Typical vertical and horizontal antenna patterns of a directional antenna configuration.

The use of directional/beam/sector antennas at the UE would reject inter-cell interference at the antenna level. The solution for deploying directional antennas and their capabilities, (e.g. serving cell LOS estimation, beam-steering), should be left UE implementation specific. However, some high-level design can be highlighted. Generally, aerial vehicles are not so limited in terms of area to attach an antenna configuration as hand-held devices, thus, an increased level of freedom for the different antenna configuration deployment can be assumed. 
In [3] it was shown that UEs applying directional antennas would improve their performance if they are able to track the serving cell LOS (SC-LOS) and steer the main lobe towards that direction. A basic requirement for beam-steering towards the serving cell is the UE’s knowledge of the SC-LOS. By acquiring this, the UE knows towards which direction to steer the antenna broadside for improved performance. 

A SC-LOS estimate can be obtained either at the UE side or at the eNB side where different angle of arrival estimation or other algorithms can be applied, however, the details of these UE implementation specific algorithms are beyond the scope of this technical report. Nevertheless, in the following sections it will be shown that some level of SC-LOS estimation and beam-steering can be achieved without the use of these advanced algorithms and only by the use of directional antennas.

Notice that mechanical rotations of the antenna configuration by the aerial vehicle which hosts the aerial UE is another alternative for beam-steering. However, this alternative is beyond the scope of this document and results shown within this document do not assume the possibility of mechanical antenna rotations. 
The following sections provide some alternative solutions for the deployment of directional antenna configurations at the UE. 
Alternative 1: a single directional antenna pattern

Antenna pattern design

The simplest solution is to deploy an antenna configuration with a single and fixed directional antenna configuration in order to suppress surrounding inter-cell interference, as shown in Figure 2. The azimuth beam-width can be set to a value that would allow enough inter-cell interference rejection. The antenna broadside can point towards the aerial’s direction of travel (DoT), and the elevation beam-width shall be wide enough to allow visibility with cells further ahead of the aerial’s course for hand-over/re-selection. 
Cell identification

Cell identification (cell search and measurements) with this antenna configuration is similar to the traditional LTE procedure. However, since this antenna configuration pattern captures a fraction of the azimuth plane, some near-by cells which are outside the capture area of the antenna pattern will not be detectable and some other can be identified with a reduced link power. However, this might not be a very limiting factor since aerial vehicles have visibility with a much larger number of cells compared to terrestrial UEs. In fact, by limiting the number of available cells for hand over could be beneficial for e.g. ping-pong effects. 

Notice that cell identifications and cell measurements are more reliable when using directional antennas compared to omni-directional because of the achieved interference rejection. 

SC-LOS estimate and beam-steering
Given that the antenna configuration of Alt.1 has a fixed direction, the UE does not have the capability to steer the main lobe towards the SC-LOS even if it could self-estimate the SC-LOS or receive network-assisted SC-LOS information.
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Figure 2 Top view of the antenna pattern of a single directional antenna configuration. 
Performance
Figure 3 and Figure 4 show the DL SINR and throughput CDF performance of aerial UEs using the directional antenna configuration of Alternative 1. Notice that DoT-X-Y in the figures indicates that the UE is pointing the antenna towards the direction of travel and that it is using X degrees horizontal beam-width and Y degrees vertical beam-width. 
The results show that even without any SC-LOS knowledge or beam-steering capabilities, the aerial vehicles can significantly improve their DL performance only by the use of a directional antenna configuration instead of an omni-directional antenna configuration. Generally, the narrower the azimuth beam-width the more effective the interference rejection is. However, there is a limit on how narrow a beam can be because very narrow beams would results to a very narrow fraction of the azimuth plane where the UE can efficiently connect to an eNB. On the contrary, wider elevation beam-widths result to better performance. This is because a wide elevation plane does not add so many interferers; however, it helps the UE to make sure the serving cell is well captured inside the main lobe. 
Simulations showed that a combination of a ϕ3dB =150 and θ3dB =950 resulted in the best performance for Alternative 1 and improved the DL SINR and throughput by ~50% in comparison to aerial UEs deploying omni-directional antennas, considering terrestrial UEs’ performance as reference.    
[image: image3.png]CcoF

UMa, 2GHz, Cases

—
03 B2
08 B
-
-
07 s
¥
-
0s e B
,
05 5 — —~Terrestrial UTs.
/ ——— herial UTs-DoT-125-85
i ——— Aerial UTs-DoT-95-95
—— Aerial UTs-DoT-65-95
—— Aerial UTs-DoT-35-95
ferial UTs-DoT-15-95
~——— Aerial UTs-DoT-5-95
—— herial UTs-omni
5 0 15 2 25

DL SINR (4B)





Figure 3 DL SINR CDF performance of aerial vehicles using a single, fixed directional antenna with different beam-widths compared to aerials and terrestrial devices using omni-directional antennas.
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Figure 4 DL throughput CDF performance of aerial vehicles using a single, fixed directional antenna with different beam-widths compared to aerials and terrestrial devices using omni-directional antennas.

Observation 1: The use of single directional antenna configurations at the aerial vehicles without beam-steering capabilities shows to significantly improve the DL interference issue of aerial vehicles. 
Proposal 1: Capture the DL SINR and DL throughput performance of single directional antenna configuration at the aerial vehicles in TR 36.777 and consider this solution in the aerial WI.
Alternative 2: multiple directional antenna patterns
Antenna pattern design
In order to allow the UE to suppress inter cell interference but to still be able to identify and connect to all cells in the network, the UE can deploy multiple, independent directional antenna patterns, as shown in Figure 5. Obviously, this solution adds an extra cost due to having multiple independent antenna patterns which operate in parallel. However, this is a highly efficient solution since the UE can reject inter-cell interference while being able to efficiently identify and measure cells within the existing timing and accuracy requirements.  
Cell identification

Each of the UE’s sectors might require a dedicated cell acquisition (cell search and measurements) module to be able to monitor and report cells within their sector in parallel. Each antenna pattern can scan a part (sector) of the azimuth plane for cells to identify and measure. The UE can then connect to cell k using UE sector l, where:
	[image: image5.png]



	(1)


where N is the number of identified cells and M is the number of UE sectors.  

When a stronger cell is identified in another UE sector, the UE can switch antennas and hand-over to that cell. 

SC-LOS estimate and beam-steering
Each UE antenna pattern of Figure 5 can provide RSRP estimates of the identified cells. Hence, the UE can simply select the antenna pattern which provides the best RSRP estimate, [image: image7.png]RSRP,



, for the serving cell, i.e. select antenna pattern j which satisfies:
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Other channel quality metrics can also be used (e.g. RSRQ, SINR, etc)
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Figure 5 Top view of the antenna pattern of a fixed four directional antenna configuration.
Thus, SC-LOS tracking and beam-steering can be thought of as just a simple antenna selection of the antenna pattern which has a better connectivity to the serving cell. 
Alternatively, and if the UE can self-estimate or receive a SC-LOS estimate [image: image10.png]Pec_ros



, it can select the antenna pattern j which satisfies:
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where: [image: image13.png]


 is the broadside of UE pattern i, and N is the total number of UE antenna patterns. Notice that 
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represents the SC-LOS error. This error becomes smaller when the number of UE sectors N increases.
Performance

Figure 6 and Figure 7 show the DL SINR and throughput CDF performance of aerial UEs using the multiple directional antenna configurations of Alternative 2. Notice that Ant.Select-X-Y-Z in the figures indicates that the UE can perform selection between Z available directional antennas and that it is using X degrees horizontal beam-width, Y degrees vertical beam-width and has. The horizontal beamwidth is a function of Z, i.e. ϕ3dB=(3/Z)∙650. Notice that for Z=3 the resulting horizontal beamwidth matches the classical 3-sector beamwidth of 650.
The results show that the use of multiple directional antenna configurations and antenna selection capabilities at the aerial vehicle can be used as a method for efficient cell identification, measurement and beam-tracking. As the number of directional antennas increase, the aerial UEs improve:

1. the cell identification procedure, because the more interference-free are the PSS/SSS correlations and RSRP measurements

2. the serving cell tracking, because the more antennas to select from the better the serving cell beam-tracking and the smaller the SC-LOS error [image: image15.png]do;



, and

3. the UL/DL performance, as shown if Figure 6 and Figure 7.
Simulations showed that a combination of a ϕ3dB =330 and θ3dB =950 and Z=6 sectors resulted the performance for Alternative 2 to match the corresponding performance of terrestrial UEs. However, even a smaller number of directional antennas significantly improve the aerial vehicle performance, e.g. ϕ3dB =490 and θ3dB =950 and Z=4 recovers ~50% of performance at 50% CDF and ~75% performance at 95% CDF. 
Observation 2: The use of multiple directional antenna configurations at the aerial vehicles with antenna selection capabilities show to significantly improve and potentially completely solve the DL interference issue of aerial vehicles.

Proposal 2: Capture the DL SINR and DL throughput performance of multiple directional antenna configurations at the aerial vehicles in TR 36.777 and consider this solution in the aerial WI.
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Figure 6 DL SINR CDF performance of aerial vehicles using directional antennas with different number of sectors and beam-widths compared to aerials and terrestrial devices using omni-directional antennas
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Figure 7 DL throughput CDF performance of aerial vehicles using directional antennas with different number of sectors and beam-widths compared to aerials and terrestrial devices using omni-directional antennas

Alternative 3: multi antenna beam-forming

Antenna pattern design
A directional antenna pattern can be produced by the use of an antenna element array at the UE to form steerable beams, e.g. by the use of phased arrays. The antenna elements can be electrically configured to change the antenna broadside towards the desired direction. This capability allows the UE to virtually divide the plane into N UE sectors. Although the UE cannot monitor all sectors at the same time, nevertheless, it can periodically switch and measure each sector for cells and connect to the strongest identified cell using the corresponding beam. 
Cell identification

In this configuration UE is required to periodically switch beams to measure a different sector. While the UE is measuring a UE sector which is not the same as the serving cell’s UE sector, it cannot receive or transmit data, hence, the eNB cannot schedule any DL/UL transmissions. Intra-frequency measurement gaps can be used for this purpose, see Figure 9. During the gaps, the eNB cannot schedule any DL/UL transmissions while the UE scans the virtual sectors for cells. The serving cell selection can be done in the same manner as expressed by eq. (1). Notice that in these LOS conditions the UE is visible to more cells; hence, each virtual sector will result to more identified cells compared to a terrestrial UE. 

Proposal 3: Consider the introduction of (at least) intra-frequency measurement gaps to facilitate beam-measurements of UEs deploying programmable directional antenna configurations.

[image: image18.png]



Figure 8 Top view of the antenna pattern of a programmable directional antenna configuration.

SC-LOS estimate and beam-steering

Similarly to Alt.2, the UE can use the SC-LOS estimation method expressed by eq. (2) to find the virtual sector with the best connectivity to the serving cell. Once the serving cell is measured with higher RSRP from another virtual beam than the serving cell beam, the UE can switch to that new virtual beam.
In case the UE can self-estimate or receive a SC-LOS estimate, Alt.3 has the advantage over Alt.2 that it can use electrically tuning to point the main lobe of the UE beam towards the serving cell’s LOS direction without the granularity limitation expressed by eq.(3). The ability to point the main lobe exactly towards the serving cell LOS provides a great performance improvement, as shown in the next paragraph. 

Proposal 4: In case the aerial is not capable of self-estimating the SC-LOS direction, the SC-LOS direction shall be communicated by the network (network-assisted beam-tracking). The UE shall be able to communicate its beam-tracking capabilities and properties to facilitate this procedure.
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Figure 9 Top: Traditional intra-frequency measurements (no gaps)
Bottom: Proposed intra-frequency measurement gaps to support cell identifications with beam measurements

Performance

Figure 10 and Figure 11 show the DL SINR and throughput CDF performance of aerial UEs using a Alt.3 antenna configuration with additional SC-LOS information. Notice that AoA-X-Y in the figures indicates that the UE is pointing the main lobe towards the serving cell’s angle-of-arrivals (AoA) and that it is using X degrees horizontal beam-width and Y degrees vertical beam-width.
The results show that the SC-LOS knowledge together with the UEs capability to steer the main lobe directly towards the SC-LOS provides a great performance boost. The aerial vehicle does not only remove the interference issue but can additionally improve its performance compared to the performance of the terrestrial UEs. Again, the narrower the beam-width the more effective the interference rejection is. However, in practice any SC-LOS knowledge would be subject to estimation errors, hence, the UE should not use beam-widths that are smaller than these errors or otherwise it might point its beam away from the serving cell. 
Simulations show that when a SC-LOS information is available at the aerial UE, a beam-width of 650 (i.e. ϕ3dB = θ3dB =650) results to the UE having a similar performance to a terrestrial UE. The possibility to have an even narrower beam-width would improve the aerial vehicle performance compared to the performance of terrestrial UEs. 
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Figure 10 DL SINR CDF performance of aerial vehicles using SC-LOS knowledge with different beam-widths compared to aerials and terrestrial devices using omni-directional antennas.
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Figure 11 DL throughput CDF performance of aerial vehicles using SC-LOS knowledge with different beam-widths compared to aerials and terrestrial devices using omni-directional antennas.
Observation 3: The use of directional antenna configurations at the aerial vehicles with SC-LOS information and beam-steering capabilities shows to completely solve the DL interference issue of aerial vehicles, and potentially improve the DL performance of aerial vehicles compared to the corresponding performance of terrestrial UEs. 
Proposal 5: Capture the DL SINR and DL throughput performance of directional antenna configurations at the aerial vehicles with SC-LOS information and beam-steering capabilities in TR 36.777 and consider this solution in the aerial WI.

2.2. Network coordination

The increase of LOS probability that aerial vehicles experience above 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.
In [3] we showed that the combination of joint-transmission coordinated multipoint (JT-CoMP) and almost-blank-subframes (ABS) can be an efficient hybrid IC method that would allow sufficient interference mitigation while allowing a control over the X2-interface data traffic. After the network has identified a number of strong interferers to an aerial device, it can decide which cells can be used for JT-CoMP and which cells can remain muted, transmitting ABS, during a DL transmission to the aerial. 
Figure 12 and Figure 13 show the DL SINR and throughput performance when applying an interference coordination method of a different number of JT-CoMP and ABS cells. 
Proposal 6 Capture the DL SINR and DL throughput performance of joint JT-CoMP and ABS network coordination method in TR 36.777 and consider this solution in the aerial WI.
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Figure 12 DL SINR CDF performance of aerials with various combinations of ABS (L) and JT (M) cells (solid lines) compared to the DL of terrestrial UEs (dashed line).
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Proposal 7 DL throughput CDF performance of aerials with various combinations of ABS (L) and JT (M) cells (solid lines) compared to the DL of terrestrial UEs (dashed line).
In this contribution we additionally investigate  the geographical separation between aerial vehicles and the selected cells for JT-CoMP. Traditionally, JT-CoMP is used for cell edge terrestrial UEs to improve their DL performance. Thus, the assumption that the network would select cells for joint transmission which have relatively similar geographical separations to the UE was a valid assumption. For aerial devices, however, this is not a valid assumption due to the different resulting network layout formed in high altitudes. 
Observation 4: Due to the increased LOS probability in altitudes above eNB antenna height, an aerial UE might be heavily interfered by cells which have significantly different geographical separations to the aerial UE.
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Figure 13 CDF of d3D between aerial vehicles and the four strongest cells selected for JT-CoMP, for different environments and inter-site-distances. The normal and extended CP radius limits are also shown.
Figure 13 shows the case where the network assigns the four strongest cells reported by an aerial as JT-CoMP cells.  The figure captures the CDF of the d3D distance between the selected JT-CoMP cells and the aerial UEs for different environments and inter-site-distances. 
If a cell is chosen for JT-CoMP and its signal delay at the aerial exceeds the cyclic prefix (CP) length (i.e. τ > ΤCP, where TCP = 4.69 us for normal CP, and TCP =16.67 us for extended CP), then the signals might not be possible to be constructively combined together with the other JT-CoMP cells at the receiver. In other words, the maximum radius for a cell to be considered as JT-CoMP is R = c∙TCP where c is the radio propagation velocity, and R = 1.407 km and 5.001 km for normal and extended CP, respectively. Any cells exceeding that distance (depending on the CP type) would act as interference signals instead of useful signals and this would degrade the DL performance of the aerial instead of improving it. 
Figure 13 shows that for RMa scenarios it is quite frequent that cells can be selected for JT-CoMP even if they are located beyond the limit of the CP radius, both for normal and extended CP. 

Observation 5: The geographical separation between cells and aerial UEs is a decisive factor for cells to be considered JT-CoMP or ABS cells. 
However, distant cells can still act as strong interferers to an aerial, and in case they cannot be used as JT-CoMP cells due to their excess distance, it should still be possible to mitigate their interference signal. This can be achieved if these distant cells are muted during the DL transmissions of an aerial vehicle. Thus, the aerial IC method can mandate distant cells to not take part in the JT-CoMP cell set, but instead transmit ABS during DL transmissions for aerials. This is depicted in Figure 14
Observation 6: If a strong interferer to an aerial cannot be used as a JT-CoMP cell it shall be used as an ABS cell in order to mitigate its interference. 
Proposal 8: JT-CoMP and ABS shall be considered as a joint DL interference coordination method for aerial vehicles.
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Figure 14 An example of joint JT-CoMP and ABS network interference coordination for aerials.   
3. Conclusion

In this contribution we made the following observations and proposals:
Regarding directional antennas at the aerial vehicles:

Observation 1: The use of single directional antenna configurations at the aerial vehicles without beam-steering capabilities shows to significantly improve the DL interference issue of aerial vehicles.
Observation 2: The use of multiple directional antenna configurations at the aerial vehicles with antenna selection capabilities show to significantly improve and potentially completely solve the DL interference issue of aerial vehicles.
Observation 3: The use of directional antenna configurations at the aerial vehicles with SC-LOS information and beam-steering capabilities shows to completely solve the DL interference issue of aerial vehicles, and potentially improve the DL performance of aerial vehicles compared to the corresponding performance of terrestrial UEs.
Proposal 1: Capture the DL SINR and DL throughput performance of single directional antenna configuration at the aerial vehicles in TR 36.777 and consider this solution in the aerial WI.
Proposal 2: Capture the DL SINR and DL throughput performance of multiple directional antenna configurations at the aerial vehicles in TR 36.777 and consider this solution in the aerial WI.
Proposal 3: Consider the introduction of (at least) intra-frequency measurement gaps to facilitate beam-measurements of UEs deploying programmable directional antenna configurations.
Proposal 4: In case the aerial is not capable of self-estimating the SC-LOS direction, the SC-LOS direction shall be communicated by the network (network-assisted beam-tracking). The UE shall be able to communicate its beam-tracking capabilities and properties to facilitate this procedure.
Proposal 5: Capture the DL SINR and DL throughput performance of directional antenna configurations at the aerial vehicles with SC-LOS information and beam-steering capabilities in TR 36.777 and consider this solution in the aerial WI.
Regarding network interference coordination for aerial vehicles:
Observation 4: Due to the increased LOS probability in altitudes above eNB antenna height, an aerial UE might be heavily interfered by cells which have significantly different geographical separations to the aerial UE.
Observation 5: The geographical separation between cells and aerial UEs is a decisive factor for cells to be considered JT-CoMP or ABS cells.
Observation 6: If a strong interferer to an aerial cannot be used as a JT-CoMP cell it shall be used as an ABS cell in order to mitigate its interference.
Proposal 6 Capture the DL SINR and DL throughput performance of joint JT-CoMP and ABS network coordination method in TR 36.777 and consider this solution in the aerial WI.
Proposal 8: JT-CoMP and ABS shall be considered as a joint DL interference coordination method for aerial vehicles.
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APPENDIX
Unless stated otherwise, 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

	eNB downlink power
	46 dBi
	Fast fading
	Alternative 3, B.1.3 of [5]


