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Introduction
According to [1], one of the objectives of the study on Enhanced Support for Aerial Vehicles is as follows.
· 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]
Regarding interference mitigation, many conclusions were reached during RAN1#90, as listed below. 
· Conclusion:  For aerial UE uniformly distributed between 1.5 m and 300 m in UMa-AV, it is observed from the 5%ile geometry results that aerial UEs statistically experience worse downlink geometry than terrestrial UEs
· The degradation is due to more downlink inter-cell interference from multiple cells 
· Conclusion: Study and identify solutions to address the degraded downlink geometry of aerial UEs
· Including both standards transparent solutions and standards enhancements
· companies are encouraged to study the interference impact on both control and data channels
· if performance degradation is identified, solutions for identified problem should be studied
In [2], it is shown that aerial UEs may experience low SINR values due to more downlink inter-cell interference from multiple cells, and in some cases lower than the minimum required SINR required for normal LTE common and control channels. In [2], coverage extension features introduced in Rel-13 LTE are proposed for addressing low SINR problems experienced by an aerial UE that is a victim of excessive DL interference from non-serving cells. LTE coverage extension can facilitate aerial UEs in bad coverage to acquire network synchronization (through PSS and SSS) and system information (through PBCH and PDSCH), while other interference mitigation techniques can be used for downlink aerial channels (EPDCCH/PDSCH).
Regarding coverage extension, RAN1#90bis reached conclusions and agreements as follows. 
Conclusion:
· Further evaluate Rel-13 and Rel-14 coverage extension for aerial UEs in poor downlink SINR for common and control channels 
· Other coverage extension techniques for aerials are not precluded
· The impact on throughput performance and latency are further analysed/evaluated in RAN1#91
· FFS on whether power consumption needs to be considered
· 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	
	
Agreements:
· For evaluation of coverage extension for aerial UEs, companies should state the interference margin used in the evaluation

In this contribution, we present evaluation results on DL interference mitigation based on Rel-13 LTE coverage extension. Furthermore, we provide our views on joint transmission for control, data, associated signals.

Regarding Rel-13 LTE coverage extension, we address the open issues listed below.

· Does LTE coverage extension have sufficient interference margin to address the worst-case interference scenario experienced by an aerial UE?
· Impact of LTE coverage extension on throughput performance
· Impact of LTE coverage extension on latency
· Impact on aerial vehicle power consumption

Synchronization and initial access for aerial UEs
Synchronization and initial access are essential steps. In this section, we study how DL interference may affect the performance of synchronization and initial access experienced by aerial UEs. In LTE networks, a UE achieves synchronization to a cell through SCH, which includes both PSS and SSS. After synchronization to a cell, the UE can acquire system information through PBCH, which carries MIB, and through PDSCH, which carries SIB1 and other system information blocks.
For physical channels carrying unicast traffic, the level of inter-cell interference depends on traffic load. However, for the synchronization and initial acquisition channels, the interference may not depend on the traffic load. One example for such is a system frame number (SFN) synchronized network, which is a possible setup when LTE features such as MBSFN and PRS are supported. In such scenarios, all the eNBs may transmit SCH and PBCH at the same time. Therefore, we study the downlink wideband SINR statistics experienced by aerial UEs. The downlink wideband SINR statistics are obtained by assuming all the eNBs in the network transmit at full power. We will also refer to this as DL geometry SINR.
Figures 1 shows DL geometry SINR collected from aerial UEs for both RMa-AV and UMa-AV scenarios. Here, we see that the DL geometry SINR can be as low as -10.8 dB.
[image: ]
Figure 1: DL geometry SINR experienced by aerial UEs.
The link budget of normal LTE coverage is summarized in [4] and shown in Table 1. Here, we only include physical signals and channels that are used for synchronization and initial access. Note that the “actual Tx power” is according to the bandwidth of the channel that is considered, assuming the total transmitter power is evenly distributed over all PRBs. Comparing the minimum SINR requirements of SCH, PBCH and PDSCH to the DL geometry SINR distributions in Figure 1, we see that a good percentage of aerial UEs have SINR lower than the required SINR according to normal LTE coverage. Equivalently, for an aerial UE moving randomly, there is a small fraction of time the aerial UE experiences poor link quality. Coverage enhancement is needed for aerial UEs to achieve synchronization and initial access.
Observation 1: Coverage enhancement is needed for aerial UEs to achieve synchronization and initial access.



Table 1: LTE link budget for the DL physical channels required for synchronization and initial access.
	Physical channel name
	PDSCH
	PBCH
	SCH

	Data rate(kbps)
	20
	
	

	Transmitter
	
	
	

	Max Tx power  (dBm)
	46
	46
	46

	(1) Actual Tx power (dBm)
	32.0
	36.8
	36.8

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	9
	9
	9

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	360000
	1080000
	1080000

	(6) Effective noise power
         = (2) + (3) + (4) + 10 log((5))  (dBm)
	
-109.4 
	
-104.7
	
-104.7

	(7) Required SINR (dB)
	-4.0 
	-7.5 
	-7.8 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	
-113.4 
	
-112.2 
	
-112.5 

	(9) MCL 
         = (1)  (8) (dB)
	
145.4
	
149.0
	
149.3



Coverage extension (CE) is a key feature introduced in 3GPP Rel-13, mainly targeting Cat-M1 UEs but not limited to LTE-M devices.  Thus, one interference mitigation solution for synchronization and initial access (i.e. SCH, PBCH and PDSCH carrying system information) is to use the Rel-13 CE features, since the CE features can be adopted by UEs that are not BL (Bandwidth-reduced and Low-complexity) as well. 
LTE coverage extension targets 155.7 dB maximum coupling loss (MCL), and the link budget for all the DL physical signals and channels needed to achieve this MCL during initial acquisition is shown in Table 2. Rel-13 coverage extension is achieved mainly through repetitions. Repetitions give rise to higher signal energy which extends the coverage. Repetitions also help mitigate interference through a processing gain.
The required SINR for achieving 155.7 dB MCL is also shown in Table 2. We see that LTE coverage extension has sufficient interference margins to handle the interference experienced by an aerial UE. For example, according to Figure 1, the worst-case DL interference, when all non-serving cells transmit at full power, brings the SINR down to approximately ‑10.8 dB; however, the LTE coverage extension link budget can ensure coverage at SINR as low as ‑14.3 dB. 
In Table 3, we summarize the outage probability of synchronization and initial access channels among aerial UEs, where outage is defined as the received DL SINR for the corresponding channel is below the respective Required SINR threshold shown in Table 1 and Table 2.




Table 2: Link budget for the DL physical channels needed for synchronization and initial access based on Rel-13 coverage extension features.
	Physical channel name
	PDSCH
	PBCH
	SCH

	Data rate(kbps)
	20
	
	

	Transmitter
	
	
	

	Max Tx power  (dBm)
	46
	46
	46

	(1) Actual Tx power (dBm)
	32.0
	36.8
	36.8

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	9
	9
	9

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	360000
	1080000
	1080000

	(6) Effective noise power
         = (2) + (3) + (4) + 10 log((5))  (dBm)
	
-109.4 
	
-104.7
	
-104.7

	(7) Required SINR (dB)
	-14.3 
	-14.2 
	-14.2 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	
-123.7 
	
-118.9 
	
-118.9 

	(9) MCL 
         = (1)  (8) (dB)
	
155.7
	
155.7
	
155.7



Table 3: Outage probability of synchronization and initial access channels for aerial UEs.
	
	RMa-AV
	UMa-AV

	
	No coverage extension
	With coverage extension
	No coverage extension
	With coverage extension

	SCH outage
	33%
	0%
	33%
	0%

	PBCH outage
	37%
	0%
	38%
	0%

	System Information outage
	77%
	0%
	75%
	0%



Observation 2: LTE coverage extension offers sufficient interference margin to ensure coverage for aerial UEs, including a worst-case scenario where all the non-serving cells transmit at full power.
Observation 3: With Rel-13 LTE coverage extension, all the aerial UEs in all the scenarios studied can reliably achieve synchronization and initial access via SCH, PBCH and PDSCH.
Synchronization and initial access latency has impact on mobility performance. Thus, one issue to consider further is what the handover delay is for UEs who need coverage extension. In fact, this has been studied in RAN4, and a summary of the RAN4 study can be found in [7]. According to the finding in [7], handover delay for UEs requiring CE Mode A is approximately 180 ms. Such a handover delay will not have a significant impact on handover performance.
Observation 4: RAN4 had in previous study found that handover delay for UEs requiring CE Mode A is approximately 180 ms. Such a handover delay will not have a significant impact on handover performance.
Proposal 1: Rel-13 LTE coverage extension techniques are considered for an aerial UE in poor DL SINR condition to acquire network synchronization (through PSS and SSS), and system information (through PBCH and PDSCH).
As coverage extension is achieved by repetition and accumulation, one issue is whether this may have negative impact on aerial vehicle power budget. However, the biggest power consumption in an aerial vehicle comes from the motor system. For example, DJI’s Phantom 3 has battery capacity of 68 Wh and the maximum flight time is approximately 25 minutes [8]. This implies that the power consumption during flight is 162 watt. In comparison, the power consumed by UE in the active reception mode is small, typically < 100 mW [9].
Observation 5: Power consumption during UE active reception is negligible compared to the power consumed by an aerial vehicle during flight.
Impact of coverage extension on data throughput and latency
Coverage extension of the initial access channels has minimal impact on overall signalling overhead. CE mode UEs achieve coverage extension on SCH and PBCH through repetition and accumulation. Thus, the radio resources consumed by SCH and PBCH do not change when the cell supports CE. The only initial access channel that consumes more radio resources for supporting CE is PDSCH carrying SIB1-BR. However, SIB1-BR is scheduled rather infrequently. When SIB1-BR is configured with the highest radio resource usage, it consumes a total of 1% of radio resources in a 20 MHz LTE carrier.
Observation 6: For synchronization and initial access, Rel-13 LTE coverage extension techniques only add minimal radio resource overhead.
We further study the impact of coverage extension on data channel performance based on an offered traffic load that corresponds to 50% resource utilization in the baseline Case 1. For both terrestrial and aerial UEs, data traffic is assumed in both UL/DL where FTP model 3 as in [6] is used with packet size 0.5 MB. The throughput performance and latency performance are shown in Table 4 and Table 5, respectively. Here we see that whether the coverage extension feature is activated or not has negligible impact on terrestrial and aerial UE throughput performance. This is due to the following facts. Without coverage extension, HARQ retransmissions are used to overcome low SINR in data channels. With coverage extension, repetitions are used to overcome low SINR in data channels. These two techniques achieve similar throughput and latency performance. 
Table 4: UE throughput statistics of RMa-AV downlink with FTP traffic (Case 3)
	 
	Terrestrial UEs

	offered traffic per cell [Mbps]
	7.65

	RU(%)
	50% RU corresponding to Case 1

	 
	No CE
	with CE
	difference

	5% user throughput [Mbps]
	0.20
	0.20
	0%

	50% user throughput [Mbps]
	3.33
	3.37
	1.2%

	mean user throughput [Mbps]
	6.81
	6.84
	0.4%

	95% user throughput [Mbps]
	26.28
	26.28
	0%

	 
	Aerial UEs

	Offered traffic per cell [Mbps]
	7.65

	 
	No CE
	with CE
	difference

	5% user throughput [Mbps]
	0.04
	0.04
	0%

	50% user throughput [Mbps]
	0.62
	0.63
	1.6%

	mean user throughput [Mbps]
	1.59
	1.59
	0%

	95% user throughput [Mbps]
	6.29
	6.32
	0.5%



Table 5: UE latency statistics of RMa-AV downlink (Case 3)
[image: ]
Multi-cell joint transmission and reception
Joint transmission for control, data, associated signals can improve DL SINR for aerial UEs. However, there are a number of practical issues that need to be addressed with this approach:

· Delay spread: as the desired signal comes from multiple cells, due to propagation delay difference, the delay spread may be significantly greater than the LTE cyclic prefix (CP). When the delay spread is significantly greater than the CP, interference from adjacent symbols will unfortunately reduce SINR. 
· With 4.7 us CP, joint transmissions can at most occur among eNBs that are within 1.4 km distances, even assuming a single tap channel from each eNB.
· Uplink timing adjustment: In LTE uplink, it is important to align the arrival times of the UE signals at the eNB. It is not possible to align the time arrival of an uplink signal at largely geographically separated eNBs within 4.7 us CP.
· Backhaul: Joint transmission requires backhaul with very low latency. Such technology component needs further development and will incur higher deployment and operation costs. This may cause longer time-to-market for mobile networks for serving drone connectivity, and may give an opportunity for alternative technologies to be adopted for the market of drone connectivity.
· Central scheduler and/or extensive X2 signalling: Joint transmission requires a central scheduler and/or extensive X2 signalling, which may require certain network architecture.
· Significant specification efforts: Currently, LTE specifications do not support multi-cell joint transmission for synchronization channels, control channels, and reference signals. It is a major specification work to introduce the support of multi-cell joint transmission for these channels, with further extensive development, testing, and filed trials. This may cause longer time-to-market for mobile networks for serving drone connectivity, and may give an opportunity for alternative technologies to be adopted for the market of drone connectivity.

Overall, it is preferred to have simple solutions that can be deployed quickly to support initial drone deployments. More sophisticated solutions in LTE evolution and/or 5G NR may be used later to support wide-scale drone deployments.
Observation 7: With multi-cell joint transmission and reception for aerial UEs, several practical issues that need to be addressed:
· Multi-cell joint transmission may result in the delay spread being significantly larger than the LTE CP, which gives rise to adjacent symbol interference.
· It is not possible to align the time arrival of an uplink signal at multiple largely geographically separated nodes within 4.7 us CP.
· Multi-cell joint transmission requires low-latency backhaul and a central scheduler, which give rise to more stringent deployment requirements and longer time-to-market.
· LTE does not support multi-cell joint transmission for synchronization channels, control channels, and reference signals. It is a major specification work to introduce the support of multi-cell joint transmission for these channels.
· It is preferred to have simple solutions that can be deployed quickly to support initial drone deployments. More sophisticated solutions in LTE evolution and/or 5G NR may be introduced later to support wide-scale drone deployments.

 
Conclusions
In this contribution, we have presented performance of UAV synchronization and initial access to an LTE cell. We present Rel-13 LTE coverage extension as a DL interference mitigation solution to ensure that aerial UEs can reliably complete synchronization and initial access, i.e. SCH, PBCH, PDCCH, and PDSCH carrying system information, in all cases. The below observations and proposal are made based on the results and discussion presented in this contribution.
[bookmark: _In-sequence_SDU_delivery]Observation 1: Coverage enhancement is needed for aerial UEs to achieve synchronization and initial access.
Observation 2: LTE coverage extension offers sufficient interference margin to ensure coverage for aerial UEs, including a worst case scenario where all the non-serving cells transmit at full power.
Observation 3: With Rel-13 LTE coverage extension, all the aerial UEs in all the scenarios studied can reliably achieve synchronization and initial access via SCH, PBCH and PDSCH.
Observation 4: RAN4 had in previous study found that handover delay for UEs requiring CE Mode A is approximately 180 ms. Such a handover delay will not have a significant impact on handover performance.
Observation 5: Power consumption during UE active reception is negligible compared to the power consumed by an aerial vehicle during flight.
Observation 6: For synchronization and initial access, Rel-13 LTE coverage extension techniques only add minimal radio resource overhead.
[bookmark: _Hlk498720363]Observation 7: With multi-cell joint transmission and reception for aerial UEs, several practical issues that need to be addressed:
· Multi-cell joint transmission may result in the delay spread being significantly larger than the LTE CP, which gives rise to adjacent symbol interference.
· It is not possible to align the time arrival of an uplink signal at multiple largely geographically separated nodes within 4.7 us CP.
· Multi-cell joint transmission requires low-latency backhaul and a central scheduler, which give rise to more stringent deployment requirements and longer time-to-market.
· [bookmark: _Hlk498720281]It is a major specification work to introduce new synchronization channels, control channels, and reference signals to support the multi-cell joint transmission for aerial vehicles.
· It is preferred to have simple solutions that can be deployed quickly to support initial drone deployments. More sophisticated solutions in LTE evolution and/or 5G NR may be introduced later to support wide-scale drone deployments.

Proposal 1: Rel-13 LTE coverage extension techniques can be used for an aerial UE in poor DL SINR condition to acquire network synchronization (through PSS and SSS), and system information (through PBCH and PDSCH).
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