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1 Introduction
In RAN1 #79 meeting and the follow-up email discussion [1][2], some basic evaluation assumptions and methodologies for co-existence performance evaluation were agreed. In this contribution, some preliminary evaluation results for LAA/Wi-Fi co-existence are provided based on agreed assumptions.
2 Simulation scenarios and assumptions
Two coexistence scenarios are evaluated for indoor and outdoor deployment:
· Coexistence scenario a:  Operator #1 deploys Wi-Fi and operator #2 deploys Wi-Fi

· Coexistence scenario b:  Operator #1 deploys Wi-Fi and operator #2 deploys LAA

LBE-based LBT is adopted by LAA transmission. Carrier selection is applied to multi-carrier scenarios. The detailed LBT procedure/parameters, carrier selection functions and other simulation assumptions are described in appendix and a companion contribution [3]. Note that in this simulation, the offered traffic load for LAA and Wi-Fi systems are equal on the unlicensed band and only the statistics of unlicensed carrier are calculated, for a fair comparison. 
3 Simulation results

The average user perceived throughput (UPT), latency and buffer occupancy (BO) are compared in this section. The packet of UE without transmission opportunity at the end of the simulation is taken as UPT=0, as agreed in RAN1 #79. Latency is recorded per UE, rather than per packet. That is, the entire packet latency is averaged over total packets per UE. And the latency of UEs who failed to obtain any opportunity to transmit is recorded by the total simulation time of one drop (8s)[4]. Buffer occupancy is used as a metric of system load.
There are 3 cases were investigated:

· Case 1: Baseline: performance of Wi-Fi system, with co-existing Wi-Fi system
· Case 2: Performance of Wi-Fi system, with co-existing LAA system
· Case 3: Performance of LAA system, with co-existing Wi-Fi system
Both single- and multi-carrier cases are evaluated, with X=4, Y=1 and X=Y=4 respectively.
3.1 Single-carrier scenarios
The performance for indoor deployment and outdoor deployment are shown in Figure 1. 
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	(a)Average UPT with different packet arrival rate
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	(b)Latency CDF with packet arrival rate(0.4, 2.0)
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	(c)Buffer occupancy with different packet arrival rate


Figure 1: Co-existence performance of LAA-LTE and Wi-Fi
Based on the simulation results, it can be seen that with the given traffic model and deployment, the target Wi-Fi system can perform even better (with higher UPT, smaller latency and lower buffer occupancy) by coexisting with LAA than co-existing with another Wi-Fi system.  The reason partly relies on the fact that the high-efficient PHY design of LAA-LTE can reduce the transmission time compared to Wi-Fi system, given the same traffic load. Then the channel occupancy time and the corresponding interference by LAA system can be reduced to allow the co-existing Wi-Fi system to have more chance to access the channel and transmit more traffic, so as to improve the UPT and latency correspondingly. 
Considering different energy detection thresholds might be implemented in realistic Wi-Fi devices, -72dBm energy detection threshold was also evaluated and the performance curves are shown in Figure 2. It can be observed that more sensitive ED threshold does not change the trend of results.
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	(a)Average UPT with different packet arrival rate
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	(b)Latency CDF with packet arrival rate(0.4, 2.0)
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	(c)Buffer occupancy with different packet arrival rate


Figure 2: Co-existence performance of LAA-LTE and Wi-Fi with more sensitive ED threshold(-72dBm)
3.2 Multi-carrier scenarios
In multi-carrier scenarios, a static channel selection scheme was applied to ensure a relative low-interference carrier is used for each eNB/AP.   Figure 3 shows the corresponding performance. 
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	(a)Average UPT with different packet arrival rate
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	(b)Latency CDF with different packet arrival rates
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	(c)Buffer occupancy with different packet arrival rate


Figure 3: Co-existence performance of LAA-LTE and Wi-Fi with carrier selection
Obviously the availability of multiple carriers can provide much better absolute performance than single-channel case. From co-existence perspective, similar conclusion as single-channel case can be achieved.
Observation: 
· The Wi-Fi coexisting with LAA outperforms that co-existing with another Wi-Fi system in both UPT and latency metrics
· LAA provides fair coexistence with Wi-Fi while maintaining good performance itself
Conclusion:
· LAA with LBE mechanism can fairly coexist with Wi-Fi.
3.3 Summarize results with typical buffer occupancy 
Table 1 and 2 elaborate relative performance gain of target Wi-Fi system as well as co-existing LAA system in LAA/Wi-Fi co-existing scenario (case 2 and case 3), compared to the baseline Wi-Fi performance (case 1) , with some typical Buffer occupancy (BO)  ratios (range from 20% ~ 80%) to represent low/medium/high traffic load. The evaluated cases are described again here for better understanding.
· Case 1: Baseline: performance of Wi-Fi system, with co-existing Wi-Fi system
· Case 2: Performance of Wi-Fi system, with co-existing LAA system
· Case 3: Performance of LAA system, with co-existing Wi-Fi system
Table 1 Relative performance gain of case 2/3 over case 1 in single-carrier scenarios  
	BO of operator1 Wi-Fi in case1
	Operator1 Wi-Fi (Case 2 over case 1)  
	Operator2 LAA (Case 3 over case 1)

	
	UPT(indoor, outdoor) 
	Latency(indoor, outdoor) 
	UPT(indoor, outdoor) 
	Latency(indoor, outdoor) 

	Low load (λ=0.4, BO: 15~25%) 
	21%, 31% 
	-30%, -19% 
	28%, 40% 
	-42%, -53% 

	Mid load (λ=0.6, BO: 35~45%) 
	43%, 55% 
	-32%, -39% 
	111%, 110% 
	-63%, -70% 

	High load (λ=0.8, BO: 55~75%) 
	220%, 64% 
	-71%, -42% 
	551%, 250% 
	-88%, -78% 


Table 2 Relative performance gain of case 2/3 over case 1 in multi-carrier scenarios
	BO of operator1 Wi-Fi in case1
	Operator1 Wi-Fi (Case 2 over case 1) 
	Operator2 LAA (Case 3 over case 1)

	
	UPT(indoor, outdoor) 
	Latency(indoor, outdoor) 
	UPT(indoor, outdoor) 
	Latency(indoor, outdoor) 

	Low load (λ=0.2, BO: 20~30%) 
	5%, 23%
	-16%, -35%
	8%, 55%
	-35%, -72%

	Mid load (λ=0.4, BO: 60~70%) 
	23%, 74%
	-31%,  -48%
	55%, 312%
	-60%,-92%

	High load (λ=0.6~0.8, BO: 80~90%) 
	92%, 108%
	-27%, -34%
	321%, 679%
	-78%, -92%


From the above tables, there is a significant throughput/latency gain for target Wi-Fi system, especially in middle and high traffic load, by replacing co-existing Wi-Fi system with LBT-enabled LAA system. At the same time, LAA system could provide even more efficient channel use of unlicensed spectrum due to the higher transmission efficiency. 
4 Conclusion

In this contribution, we provided coexistence performance of LBE-enabled LAA system within single- can multi-carrier scenarios. Based on the simulation results, following observation is obtained:
Observation: 
· The Wi-Fi coexisting with LAA outperforms that co-existing with another Wi-Fi system in both UPT and latency metrics
· LAA provides fair coexistence with Wi-Fi while maintaining good performance itself
Conclusion:
· LAA with LBE mechanism can fairly coexist with Wi-Fi.
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Appendix A: Simulation assumptions
The simulation assumptions are aligned with agreements in [1].
Table 3 Simulation assumptions 

	Parameters 
	LAA-LTE 
	Wi-Fi 

	Carrier number (Y)
	1, 4

	Carrier selection (for Y = 4)
	Each eNB selects the carrier on which the weakest interference is detected.

	Traffic model
	BB. FTP3 with packet size of 0.5Mbyts. 
Low, median, high traffic load are evaluated.

	Tx mode
	MIMO with 1 layer transmission
	MIMO with open loop transmission

	LBT scheme
	LBE
	CSMA/CA

	CCA threshold
	-73 dBm/MHz + 23 - PH, PH specified in dBm EIRP
	-62 dBm  for CCA-ED;

  -82 dBm for CCA-CS

	Length of extended CCA / Wifi CCA backoff
	1~32 CCA slots of LAA
	1~Z-1 CCA slots of Wi-Fi, where Z=16 as a default value, doubled when ACK is not received, and reset to 16 when ACK is received. The max value of Z is 1024

	CCA slot length
	24us
	8us

	MPDU size
	NA
	1500k Bytes

	Max transmission time
	Indoor:13ms

Outdoor:4ms
	3ms

	HARQ 
	Retransmission with max 3times 
	ACK modeled

	Rate control
	Closed loop
	Open loop

	RTS/CTS
	NA

	MCS
	Exclude 256QAM

	Metric
	Average UPT and Latency CDF 


























































































































