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1         Introduction
In this document, we present the results of the evaluation to determine coexistence between LTE-U and WiFi deployments based on the simulation scenarios and evaluation methodology described in [1]. 

We consider both a single channel and four channel scenarios with the following operator configurations

i) Two WiFi operators

ii) One WiFi and one LTE-U operator

iii)  Two LTE-U operators 

For the 4-channel scenario, we report the results for two channel selection methods.

i) AP-based sequential channel selection

ii) Uniform and random channel selection
For each scenario and operator configuration, we report the following metrics.

i) Sector loading, defined as the fraction of time that the served user queues are non-empty for a given cell

ii) User perceived throughput (UPT)
iii)  MAC efficiency, defined as the fraction of time a UE receives data to that of the total time that its serving eNBs queue for the given UE is non-empty

We report for the offered rates that correspond to the mean sector loading being 20% and 40% in the baseline setup in which both operators deploy Wi-Fi network. 
The results show the in various indoor and outdoor scenarios with varying number of channels and downlink only traffic models, the reference WiFi operator experiences consistent improvement in all performance metrics of interest such as user throughput, mac efficiency and sector loading. 
2    
Detailed Evaluation Methodology
For every simulation configuration, every user is offered FTP Model 3 traffic with a specified arrival rate. The maximum offered rate in each simulation configuration is chosen to ensure that the queues at the transmitter are stable. In other words, the maximum offered rate is chosen to ensure that the mean sector loading in the scenario with two WiFi operators is close to 1. 
For the four channel scenario, we consider two possible channel selection methods: (1) AP based sequential channel selection and (2) Uniform and random channel selection.
The AP based channel selection algorithm is an enhanced channel selection algorithm wherein each AP in the network, in an iterative fashion, listens to the beacons transmitted by other APs and picks the channel that has the least number of co-channel neighbours within the deferral range. This is a greedy algorithm and can be shown to converge (in terms of the overall network utility) in a finite number of steps. The following pseudo code explains the sequential channel selection algorithm and the utility metric that each AP optimizes across iterations.
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 Uniform(1, 2, . . . ,K);

while round: m ≤ M do
Randomly permute the N APs: shuffle(AP1,AP2, . . . ,APN);

while index: n ≤ N do
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) is the number of neighbors within deferral range of APn in channel k.

n = n + 1;

end

m = m + 1;

end

To initialize the algorithm, each AP is assumed to choose a random channel among the set of available channels. Then in each round, the ordering of APs for channel selection is randomized by shuffling the list (this ensures that a particular AP does not have an unfair advantage by making the decision after the rest have chosen a channel). The APs then choose the best channel sequentially in the order present in the randomly permuted list for this round. To determine the best channel, the AP first collects the count of APs it can detect in each channel within a threshold power level specified by the parameter BeaconDetectionRSSI. Then it picks the channel with the least number of neighbors satisfying the above criterion. In the event that there is a subset of candidate channels with the same minimum count of neighbors, one channel is chosen from this subset at random. The same steps above are repeated for multiple rounds until the overall network utility, which is the sum of the utility across APs in a round, converges.

For the WiFi network, the reported user throughput is the total effective throughput in the unlicensed spectrum while for the LAA network, the reported user throughput is the total aggregate throughput from both the licensed and unlicensed spectrum. In a planned update of this contribution, throughput on licensed and unlicensed carriers can be separately presented.   
3    
Outdoor Simulations results

3.1 
Single-channel evaluation

In Tables 1 to 3, we report the simulation results for the single-channel scenario for the desired performance metrics. As can be seen therein, improvement is observed by users of the reference Wi-Fi operator, when the second Wi-Fi operator switches from using 802.11ac based MAC to a LBE-LBT based MAC (LAA). In particular, the mean sector loading is reduced by more than 50% for both reference offered rates that we report, and the tail users of the reference Wi-Fi operator is able to operate in the stable regime at the offered rate 2.28Mbps after the second operator switches to LAA, while the system is unstable when both operators deploy Wi-Fi networks. Similarly, we observe at least 40% gain of the mean UPT and 30% increase in the MAC efficiency, and greater improvement can be observed for tail users.

Table 1: Sector loading 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	1.87
	0.200
	0.458
	0.100
	0.226
	0.037
	0.078
	0.032
	0.066

	2.28
	0.400
	0.998
	0.148
	0.333
	0.051
	0.106
	0.041
	0.085


Table 2: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.87
	12.491
	50.326
	30.939
	72.626
	98.950
	142.085
	119.852
	157.711

	2.28
	0.495
	34.105
	22.623
	64.643
	83.726
	130.760
	110.919
	151.603


Table 3: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.87
	0.303
	0.487
	0.414
	0.660
	0.399
	0.671
	0.352
	0.708

	2.28
	0.202
	0.429
	0.435
	0.653
	0.455
	0.683
	0.424
	0.742


3.2 
Four channels with AP based sequential channel selection
Tables 4 to 6 show the simulation results for a 4 channel scenario with AP based sequential channel selection algorithm. The improvement over all performance metrics can be similarly observed by the users of the reference Wi-Fi operator, after the other operator switches to LAA. Specifically, the decrease of mean sector loading is more than 30%, and the users of the reference Wi-Fi operator is able to sustain much higher offered rates. The mean UPT and the MAC efficiency are increased by at least 10% and 8%, respectively, and tail users experience greater performance gain.

Table 4: Sector loading 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	1.06
	0.200
	0.383
	0.153
	0.272
	0.090
	0.153
	0.079
	0.139

	1.51
	0.400
	0.998
	0.269
	0.541
	0.159
	0.290
	0.126
	0.213


Table 5: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.06
	31.168
	78.839
	41.514
	87.230
	78.589
	119.985
	96.340
	131.873

	1.51
	11.704
	65.772
	26.151
	78.212
	53.880
	102.719
	79.488
	120.724


Table 6: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.06
	0.645
	0.805
	0.771
	0.875
	0.754
	0.880
	0.785
	0.890

	1.51
	0.525
	0.766
	0.731
	0.867
	0.709
	0.882
	0.804
	0.908


3.3 
Four channels with random channel selection

In Tables 7 to 9, we report the results for the four-channel scenario when the users uniformly and randomly select channels. We observe the consistent performance improvement of the reference Wi-Fi operator, after replacing the other operator with LAA.
Table 7: Sector loading 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	0.99
	0.200
	0.202
	0.159
	0.297
	0.083
	0.153
	0.076
	0.135

	1.41
	0.400
	0.998
	0.232
	0.591
	0.110
	0.251
	0.121
	0.213


Table 8: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	0.99
	28.745
	73.609
	39.226
	82.277
	77.870
	123.056
	90.905
	130.005

	1.41
	8.873
	59.954
	20.287
	71.078
	54.684
	109.465
	72.653
	117.732


Table 9: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	0.99
	0.427
	0.672
	0.589
	0.769
	0.690
	0.849
	0.741
	0.866

	1.41
	0.314
	0.608
	0.460
	0.729
	0.647
	0.850
	0.737
	0.872


4      Indoor Simulation Results

4.1 
Single Channel Evaluation
Tables 10 to 12 show the results for the indoor single channel scenario. Similar to the outdoor scenario, we observe that the sector loading for WiFi improves considerably enabling them to operate in a stable operating regime.
Table 10: Sector loading 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	3.18
	0.200
	0.391
	0.225
	0.199
	0.064
	0.121
	0.054
	0.108

	4.09
	0.400
	0.981
	0.359
	0.359
	0.095
	0.185
	0.077
	0.149


Table 11: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	3.18
	35.963
	64.519
	61.152
	82.509
	119.525
	142.627
	137.053
	156.292

	4.09
	4.558
	42.662
	43.826
	70.564
	97.544
	126.988
	123.417
	146.039


Table 12: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	3.18
	0.248
	0.474
	0.458
	0.650
	0.456
	0.650
	0.535
	0.747

	4.09
	0.160
	0.381
	0.412
	0.604
	0.406
	0.604
	0.589
	0.738


4.2  
Four Channels with AP based sequential channel selection

Tables 13-18 show the results for the indoor scenario with both sequential channel selection and random channel selection. For both the channel selection methodologies, we observe improvement in WiFi performance metrics when one of the operators switches from WiFi to LAA. In all the evaluated scenarios, the sector loading reduces significantly enabling network operation in a more stable regime. In addition, we also observe improvement in throughput for the reference WiFi operator and also a considerable improvement in MAC efficiency.
Table 13: Sector loading
	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	1.63
	0.200
	0.372
	0.177
	0.311
	0.137
	0.245
	0.122
	0.219

	2.69
	0.400
	0.890
	0.345
	0.702
	0.315
	0.562
	0.252
	0.511


Table 14: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.63
	55.076
	91.890
	65.466
	97.335
	90.267
	123.974
	99.241
	133.120

	2.69
	24.452
	77.104
	38.629
	85.786
	41.807
	96.108
	59.356
	111.157


Table 15: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.63
	0.700
	0.832
	0.763
	0.889
	0.669
	0.853
	0.788
	0.906

	2.69
	0.592
	0.790
	0.679
	0.871
	0.473
	0.812
	0.733
	0.901


4.3
Four Channels with Random Channel Selection

Table 16: Sector loading 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile
	mean
	95%ile

	1.50
	0.200
	0.381
	0.174
	0.322
	0.114
	0.198
	0.108
	0.187

	2.30
	0.400
	0.930
	0.344
	0.846
	0.223
	0.470
	0.203
	0.396


Table 17: UPT 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean
	5%ile
	mean

	1.50
	50.630
	87.205
	61.361
	95.752
	91.342
	129.823
	100.852
	134.330

	2.30
	8.711
	69.900
	18.182
	78.410
	55.458
	108.900
	68.395
	115.143


Table 18: Mac efficiency 

	FTP Model 3 Offered rate (Mbps)
	WiFi in WiFi+WiFi
	WiFi in WiFi+LBE-LBT
	LAA in WiFi+LBE-LBT
	LAA in LBE-LBT+LBE-LBT

	
	5%ile
	mean
	5%ile
	Mean
	5%ile
	mean
	5%ile
	mean

	1.50
	0.434
	0.725
	0.578
	0.796
	0.614
	0.813
	
0.724
	
0.853

	2.30
	0.261
	0.651
	0.395
	0.735
	0.471
	0.769
	0.623
	0.819


5 
Conclusions

The results show the in various indoor and outdoor scenarios with varying number of channels and downlink only traffic models, the reference WiFi operator experiences consistent improvement in all performance metrics of interest such as user throughput, mac efficiency and sector loading. 

For the WiFi network, the reported user throughput was the total effective throughput in the unlicensed spectrum while for the LAA network, the reported user throughput is the total aggregate throughput from both the licensed and unlicensed spectrum.    
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