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1
Introduction

The Study Item of Study on Licensed-Assisted Access (LAA) in unlicensed spectrum (RP-141817) was approved at RAN plenary meeting #66 [1]. One objective is to “Identify and define design targets for coexistence with other unlicensed spectrum deployments, including fairness with respect to Wi-Fi and other LAA services”. The listen-before-talk (LBT) is identified as a vital feature for fair and friendly operation in the unlicensed spectrum for LAA [2]. Companies made progress to agree on the working assumptions for the LBT category 4 design [3] and for category 4 channel access scheme [4] for LAA in RAN1#80bis meeting. In this contribution, we provided the coexistence evaluation results based on the newly agreed working assumptions for the LBT category 4 designs for Wi-Fi DL and LAA DL only scenario. We also verified the different design choices through simulations.
2
Discussion
2.1 Simulation configuration

The simulation configuration is based on the indoor scenario as in [2]. The detailed simulation parameters are listed in the Appendix. We tested the single channel coexistence case and used the mixed traffic model for the study. We used the same approach as in [2] to evaluate the coexistence impacts. First, we generated the baseline performance based on two Wi-Fi networks (Wi-Fi A and Wi-Fi B) coexisting in the scenario. Then, we replaced the Wi-Fi network B with an LAA network in the same scenario and repeated the test. During the replacement, no traffic offloading to a licenced carrier was used in the LAA network.

2.2. LAA LBT scheme configuration

In the simulations, we followed the working assumptions for the LBT category 4 design [3] and for category 4 channel access scheme [4] to design the LBE LBT for LAA. In the working assumptions [3] and [4], there are still several parameters and design options that are open and FFS. In our LAA LBT design, we largely follow the Wi-Fi 802.11ac channel access scheme EDCA [7] to decide the values and choices for the parameters and design options, respectively. Specifically, the LAA LBT uses the exponential backoff window. The minimum size of the contention window is CWmin = 15 and the maximum size is CWmax = 1023. The LAA LBT also uses the slot time 9us to match with Wi-Fi. The initial CCA period and extended CCA (eCCA) defer period both use 43us that matches with the Wi-Fi best effort access category (AC-BE) initial defer period since LAA delivers the best effort data traffic in the simulations. The LAA LBT uses the latest HARQ feedback to decide to double or reset the contention window size. For the detailed LAA LBT scheme design, please refer to the companion contribution [5]. In order to justify the LAA LBT design, we conducted simulations to test different choices of the related parameters and design options in the following sections.
2.2. Simulation results

2.2.1 Comparison between fixed contention window and exponential backoff contention window
The coexistence results for the LAA LBT with fixed contention window are shown in Table 1 that was copied from [6]. The coexistence results for the LAA LBT with exponential backoff window are shown in Table 2.
Table 1 LAA LBT with fixed contention window ED=-62dBm
	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	3
	UPT CDF

[Mbps]
	5%
	11.664
	18.620
	28.503
	3.371
	0.268
	6.683
	0.593
	0.289
	0.886

	
	
	50%
	61.442
	55.444
	61.625
	29.285
	12.633
	23.930
	7.799
	3.891
	16.732

	
	
	95%
	111.988
	107.542
	94.708
	66.615
	39.875
	60.015
	45.094
	29.395
	37.809

	
	
	Mean
	64.314
	59.597
	60.999
	32.122
	18.080
	25.598
	14.118
	9.161
	17.800

	
	Delay CDF

[s]
	5%
	0.008
	0.008
	0.007
	0.044
	0.118
	0.023
	0.216
	0.226
	0.181

	
	
	50%
	0.052
	0.051
	0.043
	0.254
	0.754
	0.211
	0.973
	1.257
	0.488

	
	
	95%
	0.187
	0.234
	0.148
	0.815
	1.642
	0.618
	2.008
	2.588
	0.966

	
	
	Mean
	0.067
	0.079
	0.055
	0.310
	0.801
	0.250
	1.021
	1.302
	0.525

	
	VoIP outage

(%)
	0.000
	10.000
	N/A
	10.000
	50.000
	N/A
	30.000
	60.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	23.142
	N/A
	25.210
	166.870
	N/A
	40.471
	178.175
	N/A

	
	𝜌
	1.001
	0.995
	0.994
	0.972
	0.921
	0.996
	0.825
	0.748
	0.953

	
	BO
	0.182
	0.192
	0.170
	0.448
	0.603
	0.442
	0.700
	0.776
	0.600

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 3 (R1-151962) ETSI BRAN Option B with initial defer enhancement, q=13

· Sensing threshold used: LAA CCA-ED -62 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 20 μs

· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Table 2 LAA LBT with exponential backoff window ED=-62dBm
	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	18.547
	26.133
	3.371
	1.656
	6.380
	0.593
	0.253
	1.038

	
	
	50%
	61.442
	60.665
	75.929
	29.285
	21.567
	28.456
	7.799
	6.578
	12.634

	
	
	95%
	111.988
	105.817
	108.064
	66.615
	62.400
	71.120
	45.094
	31.318
	46.840

	
	
	Mean
	64.314
	62.976
	71.967
	32.122
	25.496
	31.058
	14.118
	11.207
	16.406

	
	Delay CDF

[s]
	5%
	0.008
	0.008
	0.007
	0.044
	0.067
	0.026
	0.216
	0.207
	0.135

	
	
	50%
	0.052
	0.048
	0.039
	0.254
	0.333
	0.209
	0.973
	1.121
	0.513

	
	
	95%
	0.187
	0.206
	0.146
	0.815
	1.088
	0.610
	2.008
	2.207
	1.220

	
	
	Mean
	0.067
	0.069
	0.051
	0.310
	0.429
	0.242
	1.021
	1.109
	0.573

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	40.000
	N/A
	30.000
	50.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	16.596
	N/A
	25.210
	45.074
	N/A
	40.471
	157.640
	N/A

	
	𝜌
	1.001
	0.994
	0.994
	0.972
	0.975
	1.005
	0.825
	0.817
	0.932

	
	BO
	0.182
	0.178
	0.155
	0.448
	0.536
	0.421
	0.700
	0.749
	0.656

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -62 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Observation 1: LAA LBT with exponential backoff window has the better coexistence performance than the LBT with fixed contention window. However, the LAA using the LBT with exponential backoff window still could not achieve the fair coexistence with Wi-Fi in terms both best effort data UPT and VoIP outage performance just using CCA-ED=-62dBm.
2.2.2 Comparison between different initial defer periods

In this section, we tested the LAA LBT with exponential backoff window but with the reduced initial defer period of 9us instead of 43 us as in the default design. In our LBT design, the initial CCA period and eCCA defer period use the same value as the initial defer period. The results are captured in Table 3. Comparing the results with Table 2, we can see the reduced initial defer period causes the further degradation of the Wi-Fi performance especially the VoIP outage performance.
Table 3 LAA LBT with exponential backoff ED=-62dBm & initial defer 9us

	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	16.915
	26.770
	3.371
	1.684
	11.304
	0.593
	0.354
	1.960

	
	
	50%
	61.442
	60.596
	82.961
	29.285
	18.494
	30.342
	7.799
	4.347
	17.156

	
	
	95%
	111.988
	108.213
	118.521
	66.615
	48.330
	63.023
	45.094
	34.101
	44.529

	
	
	Mean
	64.314
	63.077
	77.530
	32.122
	22.467
	34.975
	14.118
	10.693
	20.568

	
	Delay CDF

[s]
	5%
	0.008
	0.007
	0.006
	0.044
	0.077
	0.015
	0.216
	0.221
	0.075

	
	
	50%
	0.052
	0.050
	0.035
	0.254
	0.408
	0.157
	0.973
	1.109
	0.367

	
	
	95%
	0.187
	0.218
	0.124
	0.815
	1.194
	0.501
	2.008
	2.257
	0.894

	
	
	Mean
	0.067
	0.073
	0.046
	0.310
	0.492
	0.182
	1.021
	1.121
	0.409

	
	VoIP outage

(%)
	0.000
	10.000
	N/A
	10.000
	50.000
	N/A
	30.000
	50.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	22.672
	N/A
	25.210
	65.078
	N/A
	40.471
	71.865
	N/A

	
	𝜌
	1.001
	0.999
	0.998
	0.972
	0.972
	0.999
	0.825
	0.804
	0.956

	
	BO
	0.182
	0.187
	0.141
	0.448
	0.564
	0.380
	0.700
	0.757
	0.580

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -62 dBm

· Whether defer periods are used or not: Yes. Defer period 9us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Observation 2: The initial CCA period and eCCA defer period of Cat 4 LBT are important design parameters. It is recommended to choose 43us for them for LAA transmiting the best effort data since the Wi-Fi uses the same value for AC-BE. Reducing the initial defer period can cause the further degradation of the Wi-Fi performance especially the VoIP outage performance.
2.2.3 Comparison between different ED thresholds

In this section, we tested the LAA LBT with exponential backoff window with the lower ED thresholds. The results with ED=-72dBm, -77dBm, & -82dBm are captured in Table 4, 5, & 6, respectively. Comparing with the results in Table 2 where the ED=-62dBm, we can see that lowering the ED threshold below -62dBm for LAA LBT can improve the Wi-Fi performance in the coexistence test. The ED thresholds -77dBm & -82dBm can make LAA achieve the fair coexistence with Wi-Fi in this particular test.
Table 4 LAA LBT with exponential backoff ED=-72dBm

	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	17.647
	22.484
	3.371
	10.193
	8.979
	0.593
	0.468
	0.683

	
	
	50%
	61.442
	65.396
	74.657
	29.285
	26.443
	29.404
	7.799
	13.340
	9.567

	
	
	95%
	111.988
	115.190
	115.674
	66.615
	66.067
	76.214
	45.094
	43.460
	49.586

	
	
	Mean
	64.314
	66.224
	72.017
	32.122
	35.672
	35.362
	14.118
	16.326
	16.742

	
	Delay CDF

[s]
	5%
	0.008
	0.008
	0.006
	0.044
	0.018
	0.019
	0.216
	0.190
	0.168

	
	
	50%
	0.052
	0.045
	0.043
	0.254
	0.135
	0.159
	0.973
	0.817
	0.824

	
	
	95%
	0.187
	0.186
	0.173
	0.815
	0.570
	0.655
	2.008
	1.614
	1.650

	
	
	Mean
	0.067
	0.063
	0.058
	0.310
	0.192
	0.228
	1.021
	0.847
	0.849

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	10.000
	N/A
	30.000
	40.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	12.444
	N/A
	25.210
	29.505
	N/A
	40.471
	42.932
	N/A

	
	𝜌
	1.001
	0.996
	0.992
	0.972
	1.002
	0.994
	0.825
	0.879
	0.890

	
	BO
	0.182
	0.171
	0.163
	0.448
	0.420
	0.428
	0.700
	0.655
	0.700

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -72 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Table 5 LAA LBT with exponential backoff ED=-77dBm

	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	17.917
	21.947
	3.371
	8.168
	4.095
	0.593
	0.909
	0.832

	
	
	50%
	61.442
	68.836
	77.277
	29.285
	34.976
	28.632
	7.799
	17.025
	6.205

	
	
	95%
	111.988
	119.430
	119.880
	66.615
	80.173
	79.752
	45.094
	49.958
	37.079

	
	
	Mean
	64.314
	68.024
	73.873
	32.122
	40.648
	35.450
	14.118
	19.651
	11.101

	
	Delay CDF

[s]
	5%
	0.008
	0.007
	0.007
	0.044
	0.014
	0.029
	0.216
	0.121
	0.220

	
	
	50%
	0.052
	0.042
	0.043
	0.254
	0.117
	0.228
	0.973
	0.526
	1.225

	
	
	95%
	0.187
	0.154
	0.173
	0.815
	0.447
	0.765
	2.008
	1.231
	2.478

	
	
	Mean
	0.067
	0.055
	0.059
	0.310
	0.163
	0.295
	1.021
	0.572
	1.253

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	0.000
	N/A
	30.000
	20.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	9.937
	N/A
	25.210
	16.977
	N/A
	40.471
	36.143
	N/A

	
	𝜌
	1.001
	0.996
	0.998
	0.972
	0.998
	1.008
	0.825
	0.892
	0.821

	
	BO
	0.182
	0.158
	0.166
	0.448
	0.360
	0.462
	0.700
	0.616
	0.781

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -77 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Table 6 LAA LBT with exponential backoff ED=-82dBm

	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	17.386
	21.779
	3.371
	9.851
	2.933
	0.593
	0.912
	0.308

	
	
	50%
	61.442
	67.914
	73.330
	29.285
	38.498
	40.149
	7.799
	18.851
	5.984

	
	
	95%
	111.988
	110.291
	117.560
	66.615
	70.814
	76.279
	45.094
	48.881
	35.896

	
	
	Mean
	64.314
	68.025
	70.784
	32.122
	42.558
	37.066
	14.118
	21.558
	11.007

	
	Delay CDF

[s]
	5%
	0.008
	0.008
	0.006
	0.044
	0.013
	0.038
	0.216
	0.168
	0.246

	
	
	50%
	0.052
	0.043
	0.042
	0.254
	0.093
	0.252
	0.973
	0.567
	0.998

	
	
	95%
	0.187
	0.157
	0.190
	0.815
	0.306
	0.731
	2.008
	1.258
	2.363

	
	
	Mean
	0.067
	0.056
	0.063
	0.310
	0.118
	0.302
	1.021
	0.621
	1.117

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	0.000
	N/A
	30.000
	0.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	9.388
	N/A
	25.210
	14.455
	N/A
	40.471
	23.461
	N/A

	
	𝜌
	1.001
	0.998
	0.991
	0.972
	1.011
	0.984
	0.825
	0.913
	0.782

	
	BO
	0.182
	0.158
	0.175
	0.448
	0.334
	0.438
	0.700
	0.577
	0.790

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -82 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: No. only CCA-ED

· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Observation 3: Lowering the ED threshold below -62dBm for LAA LBT with exponential backoff window can improve the Wi-Fi performance in the coexistence test. The ED thresholds -77dBm and -82dBm can make LAA achieve the fair coexistence with Wi-Fi in this particular test.
2.2.4 LAA LBT with exponential backoff window and detecting Wi-Fi PHY preamble
In this section, we tested the LAA LBT with exponential backoff window and also with detecting the Wi-Fi PHY preamble. Detecting Wi-Fi PHY preamble can let LAA node do the CCA carrier sensing (CCA-CS) at threshold -82dBm [8]. We also propose the method as one option for the LAA LBT energy detection threshold adaptation mechanism in the companion contribution [9]. The results of the scheme with ED thresholds of -62dBm and -72dBm are shown in Table 7 & 8, respectively. Comparing with previous results, we can see that LAA LBT with Wi-Fi PHY preamble detection can achieve the better Wi-Fi coexistence performance than the LAA LBT with ED only and at the same ED threshold level. Detecting Wi-Fi PHY preamble can be more effective than reducing the LAA LBT ED threshold to protect the Wi-Fi performance especially the VoIP outage performance. Lowering the LAA LBT ED threshold combined with the Wi-Fi preamble detection can improve the Wi-Fi performance further.
Table 7 LAA LBT with exponential backoff ED=-62dBm & detecting Wi-Fi PHY preamble
	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	16.964
	21.925
	3.371
	7.943
	1.335
	0.593
	0.581
	0.728

	
	
	50%
	61.442
	60.783
	73.888
	29.285
	32.332
	24.088
	7.799
	15.739
	5.864

	
	
	95%
	111.988
	104.626
	113.288
	66.615
	59.583
	72.699
	45.094
	43.498
	32.578

	
	
	Mean
	64.314
	64.779
	69.857
	32.122
	33.892
	28.779
	14.118
	18.042
	10.649

	
	Delay CDF

[s]
	5%
	0.008
	0.007
	0.007
	0.044
	0.018
	0.086
	0.216
	0.099
	0.226

	
	
	50%
	0.052
	0.044
	0.041
	0.254
	0.138
	0.562
	0.973
	0.555
	0.942

	
	
	95%
	0.187
	0.188
	0.194
	0.815
	0.442
	1.297
	2.008
	1.271
	2.131

	
	
	Mean
	0.067
	0.062
	0.063
	0.310
	0.170
	0.613
	1.021
	0.592
	1.061

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	0.000
	N/A
	30.000
	0.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	11.315
	N/A
	25.210
	21.689
	N/A
	40.471
	27.625
	N/A

	
	𝜌
	1.001
	0.997
	0.991
	0.972
	0.997
	0.970
	0.825
	0.916
	0.829

	
	BO
	0.182
	0.163
	0.173
	0.448
	0.406
	0.536
	0.700
	0.617
	0.786

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -62 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: Yes. Detecting Wi-Fi PHY preamble with CCA-CS -82dBm
· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Table 8 LAA LBT with exponential backoff ED=-72dBm & detecting Wi-Fi PHY preamble

	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	18.629
	21.383
	3.371
	12.495
	5.556
	0.593
	0.694
	0.641

	
	
	50%
	61.442
	70.534
	74.961
	29.285
	41.483
	36.181
	7.799
	18.014
	6.437

	
	
	95%
	111.988
	109.326
	115.974
	66.615
	70.837
	67.167
	45.094
	50.651
	41.254

	
	
	Mean
	64.314
	68.270
	71.489
	32.122
	41.872
	36.625
	14.118
	21.065
	12.790

	
	Delay CDF

[s]
	5%
	0.008
	0.007
	0.007
	0.044
	0.013
	0.028
	0.216
	0.101
	0.243

	
	
	50%
	0.052
	0.044
	0.045
	0.254
	0.078
	0.186
	0.973
	0.466
	1.126

	
	
	95%
	0.187
	0.161
	0.182
	0.815
	0.283
	0.630
	2.008
	1.021
	2.389

	
	
	Mean
	0.067
	0.058
	0.061
	0.310
	0.104
	0.238
	1.021
	0.502
	1.187

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	0.000
	N/A
	30.000
	10.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	9.757
	N/A
	25.210
	14.196
	N/A
	40.471
	27.678
	N/A

	
	𝜌
	1.001
	0.995
	0.998
	0.972
	0.999
	0.993
	0.825
	0.917
	0.828

	
	BO
	0.182
	0.157
	0.174
	0.448
	0.328
	0.424
	0.700
	0.580
	0.775

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -72 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: Yes. Detecting Wi-Fi PHY preamble with CCA-CS -82dBm
· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Observation 4: LAA LBT with exponential backoff window and with Wi-Fi PHY preamble detection can achieve the better Wi-Fi coexistence performance than the LAA LBT with ED only and at the same ED threshold level. Detecting Wi-Fi PHY preamble can be more effective than reducing the LAA LBT ED threshold to protect the Wi-Fi performance especially the VoIP outage performance. LAA LBT with Wi-Fi PHY preamble detection can achieve the fair coexistence with Wi-Fi at ED=-62dBm. Lowering the LAA LBT ED threshold combined with the Wi-Fi preamble detection can improve the Wi-Fi performance further.

2.2.5 LAA LBT with exponential backoff window and with transmission and detection of Wi-Fi PHY preamble
In this section, we tested the LAA LBT with exponential backoff window and also with transmission and detection the Wi-Fi PHY preamble. Transmitting Wi-Fi PHY preamble besides detecting it for LAA LBT can bring the extra benefit for the coexistence [8] [10]. The results with this LBT scheme are captured in Table 9. Comparing with Table 7, we can see that transmitting Wi-Fi PHY preamble not only improves the Wi-Fi performance but also improves the LAA performance significantly. This is because transmitting Wi-Fi preamble can let the Wi-Fi node to do CCA-CS with the lower threshold for LAA signals so Wi-Fi can do more backoff. Consequently, it can reduce the collision rate for LAA signals.
Table 9 LAA LBT with exponential backoff ED=-62dBm & Tx/Rx Wi-Fi preamble
	LAA LBT cat.
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: above 55%

	
	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	4
	UPT CDF

[Mbps]
	5%
	11.664
	15.373
	21.456
	3.371
	3.757
	13.574
	0.593
	0.987
	4.370

	
	
	50%
	61.442
	68.701
	82.216
	29.285
	40.481
	48.125
	7.799
	17.127
	18.502

	
	
	95%
	111.988
	109.649
	121.465
	66.615
	73.102
	80.005
	45.094
	52.278
	54.450

	
	
	Mean
	64.314
	68.779
	77.700
	32.122
	40.579
	48.095
	14.118
	18.313
	23.210

	
	Delay CDF

[s]
	5%
	0.008
	0.007
	0.006
	0.044
	0.027
	0.012
	0.216
	0.140
	0.033

	
	
	50%
	0.052
	0.046
	0.039
	0.254
	0.162
	0.073
	0.973
	0.633
	0.300

	
	
	95%
	0.187
	0.157
	0.132
	0.815
	0.437
	0.335
	2.008
	1.577
	1.106

	
	
	Mean
	0.067
	0.059
	0.049
	0.310
	0.183
	0.106
	1.021
	0.723
	0.427

	
	VoIP outage

(%)
	0.000
	0.000
	N/A
	10.000
	0.000
	N/A
	30.000
	0.000
	N/A

	
	98 %ile VoIP latency (ms)
	13.619
	9.419
	N/A
	25.210
	14.783
	N/A
	40.471
	21.213
	N/A

	
	𝜌
	1.001
	0.997
	0.992
	0.972
	1.000
	1.005
	0.825
	0.907
	0.967

	
	BO
	0.182
	0.163
	0.145
	0.448
	0.366
	0.318
	0.700
	0.623
	0.605

	
	𝜆
	0.64
	0.9
	1.11

	Additional comments: 

· LBT category: Category 4 (R1-152938)
· Sensing threshold used: LAA CCA-ED -62 dBm

· Whether defer periods are used or not: Yes. Defer period 43us

· CCA and ECCA slot length: 9 μs
· CWmin=15, CWmax=1023
· Whether or not intra and/or inter-RAT detection is assumed: Yes. Transmitting/detecting Wi-Fi PHY preamble with CCA-CS -82dBm
· No licensed carrier. TXOP=5ms, UE noise figure 7dB, and 256QAM. Wi-Fi uses LDPC, Explicit TxBF, closed loop MCS/rank adaptation using explicit TXBF information, & short GI.


Observation 5: Transmitting Wi-Fi PHY preamble not only improves the Wi-Fi performance but also improves the LAA performance significantly. This is because transmitting Wi-Fi preamble allows the Wi-Fi node to do CCA-CS with the lower threshold for LAA signals so that Wi-Fi does backoff more often. Consequently, it can reduce the collision rate for LAA signals. LAA LBT with exponential backoff window plus transmitting and detecting Wi-Fi PHY preamble can achieve the fair coexistence with Wi-Fi at ED=-62dBm. 
3
Conclusions

In this contribution, we have provided the coexistence evaluation results based on the newly agreed working assumptions for the LBT category 4 designs for Wi-Fi DL and LAA DL only scenario. We also verified the different design choices through the simulations. Based on the simulation results we make the following observations.
Observation 1: LAA LBT with exponential backoff window has the better coexistence performance than the LBT with fixed contention window. However, the LAA using the LBT with exponential backoff window still could not achieve the fair coexistence with Wi-Fi in terms both best effort data UPT and VoIP outage performance just using CCA-ED=-62dBm.
Observation 2: The initial CCA period and eCCA defer period of Cat 4 LBT are important design parameters. It is recommended to choose 43us for them for LAA transmitting the best effort data since the Wi-Fi uses the same value for AC-BE. Reducing the initial defer period can cause the further degradation of the Wi-Fi performance especially the VoIP outage performance.
Observation 3: Lowering the ED threshold below -62dBm for LAA LBT with exponential backoff window can improve the Wi-Fi performance in the coexistence test. The ED thresholds -77dBm and -82dBm can make LAA achieve the fair coexistence with Wi-Fi in this particular test.

Observation 4: LAA LBT with exponential backoff window plus the Wi-Fi PHY preamble detection can achieve the better Wi-Fi coexistence performance than the LAA LBT with ED only and at the same ED threshold level. Detecting Wi-Fi PHY preamble can be more effective than reducing the LAA LBT ED threshold to protect the Wi-Fi performance especially the VoIP outage performance. LAA LBT with Wi-Fi PHY preamble detection can achieve the fair coexistence with Wi-Fi at ED=-62dBm. Lowering the LAA LBT ED threshold combined with the Wi-Fi preamble detection can improve the Wi-Fi performance further.

Observation 5: Transmitting Wi-Fi PHY preamble not only improves the Wi-Fi performance but also improves the LAA performance significantly. This is because transmitting Wi-Fi preamble allows the Wi-Fi node to do CCA-CS with the lower threshold for LAA signals so that Wi-Fi does backoff more often. Consequently, it can reduce the collision rate for LAA signals. LAA LBT with exponential backoff window plus transmitting and detecting Wi-Fi PHY preamble can achieve the fair coexistence with Wi-Fi at ED=-62dBm.
4
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6
Appendix: Simulation parameters

The simulation configuration follows the configuration and broad agreements in [2]. The specific parameter selections are as given below.
Table 10 Indoor scenario parameters

	
	Licensed cell
	Unlicensed cell

	Layout for nodes
	For DL-only coexistence evaluations:

Two operators deploy 4 small cells each in the single-floor building. 

The small cells of each operator are equally spaced and centered along the shorter dimension of the building. The distance between two closest nodes from two operators is random. The set of small cells for both operators is centered along the longer dimension of the building.


[image: image1]


	System bandwidth per carrier
	10MHz
	20MHz

	Carrier frequency 
	3.5GHz
	5.0GHz

	Number of carriers
	2 (one for each operator)
	For DL-only LAA coexistence evaluations: 1 (to be shared between two operators) 

	Total BS TX power
	24dBm (Ptotal per carrier)
	18 dBm across aggregated carriers

	Total UE TX power 
	Total UE TX power: 23dBm across aggregated cells

Max total UE TX power per cell in licensed spectrum: 23dBm

Max total UE TX power across aggregated cells in unlicensed spectrum: 18 dBm 

	Distance-dependent path loss
	Small cell-to-Small cell, Small cell-to-UE: ITU InH [referring to Table B.1.2.1-1 in TR36.814]
Indoor UE-to-indoor UE: 3GPP TR 36.843 (D2D). 

	Penetration
	0dB

	Shadowing
	ITU InH [referring to Table A.2.1.1.5-1 in TR36.814]

	Antenna pattern
	2D Omni-directional is baseline; directional antenna is not precluded

	Antenna Height: 
	6m 

	UE antenna Height
	1.5m

	Antenna gain + connector loss
	5dBi

	Antenna gain of UE
	0 dBi

	Fast fading channel between eNB and UE
	ITU InH

	Number of UEs 
	10 UEs per unlicensed band carrier per operator for DL-only LAA coexistence evaluations


	UE dropping per network
	All UEs should be randomly dropped and be within coverage of the small cell in the unlicensed band.

Example of a dropping method to achieve this with N=10 UEs: 

· Drop a large enough number of UEs, so that at least 10 UEs are covered by the small cell in the unlicensed band. 

· Randomly select 10 UEs from the UEs that have coverage.

	Minimum distance (2D distance)
	3m

	Traffic model
	FTP Model 3: The average file arrival time is 1 second.
FTP model file size: 0.5 Mbytes.

Mixed traffic model with each UE carrying only VoIP traffic or only FTP traffic in the Wi-Fi network that is not replaced by LAA.

· Two UEs with VoIP traffic in addition to UEs with FTP traffic

· The VoIP traffic model is based on G.729A (data rate is 24 kbps)

· Packet inter-arrival time: 20 ms

· Packet size: 60 bytes (payload plus IP header overhead)

· Voice activity is assumed to be 100%. Statistics are independently reported in each direction

· No associated control plane traffic is modelled

	UE receiver
	MMSE-IRC as baseline

	UE noise figure
	7dB

	UE speed
	3km/h

	Cell selection criteria
	For LAA UEs, cell selection is based on RSRP in the unlicensed band. 

For WiFi STAs, cell selection is based on RSS (Received signal power strength) of WiFi APs. RSS threshold is -82 dBm.

	UE Bandwidth
	UE bandwidth for LAA: 10 MHz licensed + 20 MHz unlicensed 

· CA scheduling assumptions stated when reporting results: No traffic offloading on licensed carrier
· Served traffic per small cell per carrier can be reported

UE bandwidth for Wi-Fi: 20 MHz unlicensed

	Network synchronization
	For the same operator, the network can be synchronized and the assumed synchronization accuracy in such simulations should be stated.
Small cells of different operators are not synchronized.

	Performance metrics
	· Performance metric

· User perceived throughput (UPT)

· UPT CDF

· File throughput is calculated per file

· Unfinished files should be incorporated in the UPT calculation. 

· The number of served bits (possibly zero) of an unfinished file by the end of the simulation is divided by the served time (simulation end time – file arrival time).

· User throughput is the average of all its file throughputs

· Latency (From packet arrival in devices (eNB, AP, UE, STA) MAC buffer to successful transmission (including retransmission) of packet)
· Latency CDF

· If VoIP users are included, number of VoIP users with 98%ile latency greater than 50 ms should be reported

· Note: DL and/or UL can be reported when applicable


Table 11 Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM

	Antenna configuration
	2Tx2Rx in DL
2Tx2Rx in UL
Explicit Tx beamforming (TxBF)

	Channel coding
	LDPC code

	Frame aggregation
	A-MPDU

	MPDU size
	1500kB

	Max PPDU duration
	5 ms

(Asynchronous to LTE timing)

	MAC
	Coordination
	EDCA

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	Contention window
	EDCA

	CCA-CS
	-82dBm and preamble decoding
(Note preamble occupies the 20MHz system bandwidth with rate 1/2 coding and BPSK modulation)

	CCA-ED
	-62dBm

	ACK Modeled (successful reception, resources utilized)
	Yes

	DL/UL Duplexing
	DL traffic only for DL-only LAA coexistence evaluation

	Rate control
	Closed loop LA using the explicit TxBF information

	Channel selection
	Single channel case

	OFDM symbol length
	3.6 micro second (short GI)


Table 12 LTE system evaluation assumptions

	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration

	2Tx2Rx in DL

2Tx2Rx in UL

	Transmission schemes
	TM10, QPSK/16QAM/64QAM/256QAM

	Turbo code block interleaving depth
	Per LTE specs (1-14 LTE OFDM symbols dependent on MCS and PRB allocation)

	Link adaptation
	Closed loop

	CCA-ED
	-62dBm or other lower values per test

	Cyclic Prefix
	Normal
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