[bookmark: OLE_LINK1][bookmark: OLE_LINK2]3GPP TSG RAN WG1 Meeting #80bis                                                                               R1-152231
Belgrade, Serbia, 20th - 24th April 2015

Source: 	Ericsson
[bookmark: Title]Title:	Discussion on LBT Protocols
Agenda Item:	7.2.4.1
Document for:	Discussion and Decision
[bookmark: _Ref298777854]Introduction
This is an update of R1-151996 with additional LAA-LAA coexistence evaluation results in Table 3 and Table 4.

In RAN1#80, it was agreed to classify the evaluated LBT schemes according to the following categories [1]:
•	Category 1: No LBT
•	Category 2: LBT without random back-off
•	Category 3: LBT with random back-off with fixed size of contention window
•	Category 4: LBT with random back-off with variable size of contention window
After RAN1#80, an email discussion [80-04] was conducted to collect all the coexistence evaluation results for the case where an LAA network with DL-only transmissions in the unlicensed band coexists with a Wi-Fi network which also carries only DL transmissions. Results from many sources were gathered in [2] for both indoor and outdoor scenarios with one and four unlicensed carriers in the unlicensed band. 
[bookmark: _GoBack]Category 3 LBT algorithms have been considered by the majority of the companies participating in the coexistence evaluation. In this contribution, we evaluate a Category 3 as well as a Category 4 LBT algorithm. More specifically, we provide further analysis on the following two LBT algorithms:
· Category 3 LBT algorithm based on LBE LBT with a defer period and mandatory extended CCA (ECCA) [3]
· Category 4 LBT algorithm based on LBE LBT with defer period, mandatory ECCA and NACK based contention window increase [4][5][6][7][8].
Description of LBT algorithms
Category 3 LBT algorithm
In our previous contributions [3], we discussed the benefits of a load-based LBT scheme due to its flexible spectrum utilization and adaptability to traffic load and proposed an LBT protocol which ensures fair coexistence with other technologies, in particular Wi-Fi, in unlicensed spectrum. We further discuss the robustness of the load-based LBT scheme in dealing with inter-network LAA interference in [9]. Because of the random backoff counter, transmission opportunities and timing for nodes from different networks can be randomized to avoid severe interference problems. 
The generic load based LBT procedure in EN 301.893 is very similar to the Wi-Fi physical medium sensing procedure. The key differences are (1) a Wi-Fi device does not resume counting down of the random backoff counter until the channel is idle and waits for the DIFS or AIFS periods; (2) random backoff is always performed post transmission; and (3) the contention window from which the random backoff counter is drawn is increased in response to collisions. To ensure proper coexistence with Wi-Fi, it was proposed in [3] to add additional deferring after sensing an occupied channel and post-transmission random backoff to the generic load-based LBT procedure.
Category 3 LBT algorithm based on LBE LBT with defer period and mandatory ECCA
· A random backoff counter, N, is always drawn to start the LBT procedure.
· An initial CCA is always immediately followed by an extended CCA stage. 
· A successful transmission always leads to a restart of the LBT procedure with a newly drawn random backoff counter, N.
· Default value of CCA slot duration is T1 = 20 μs.


[bookmark: _Ref414265883]Figure 1: Category 3 LBT algorithm based on LBE LBT with defer period
Category 4 LBT algorithm
The protocol robustness and the support of friendly coexistence features of the load based LBT algorithm described in the previous section have been discussed and evaluated. In order to further investigate Category 4 LBT schemes, we explore a Category 4 scheme that has the features of the Category 3 LBT scheme described in the previous section and further incorporates a variable contention window size. 
In the Wi-Fi protocol, contention window size is increased when the sender fails to receive the ACK for the transmitted frames. The contention window size is reset to the minimum when an ACK is received. Such a contention window modification procedure can also be considered using HARQ NACK at the MAC layer or the ARQ request at the RLC layer. There are several design choices and considerations [4][5][6][7][8] such as how many received NACKs from a single UE or from multiple UE are received before the contention window size is modified. 
Category 4 LBT algorithm based on LBE LBT with defer period, mandatory ECCA and NACK based contention window increase
In the following, we consider one such algorithm for a preliminary evaluation that is based largely on the Wi-Fi medium access protocol. In addition to the main LBT loop in Figure 1, the transmitter also maintains a contention window size CW, which is initialized CWmin = 15. The details of the algorithm are given below.
· Whenever a random backoff counter is needed in the LBT loop,
· If the latest received HARQ feedback is NACK, CW is doubled. 
· The maximum size of the contention window is limited to CWmax = 1023. 
· If the latest received HARQ is ACK, CW is reset to CWmin.
· The random number N is drawn from [0, CW].
· The CCA slot duration T1 is reduced to 9 μs to align with Wi-Fi slot duration. 
· The transmitter can occupy the channel for 4 ms following a successful LBT attempt.
[bookmark: _Ref416339958]Analysis of coexistence evaluation results
Evaluation results for FTP traffic
In Figure 2, we show the coexistence evaluation results for the indoor scenario with FTP traffic. The figure includes results for the following cases:
· Baseline case: Operator A Wi-Fi network has only DL traffic and Operator B Wi-Fi network has DL and UL traffic.
· LAA coexistence case: Operator A network is changed to a LAA network.
We can observe that both the Category 3 LBE LBT scheme and the Category 4 LBE LBT with NACK based exponential backoff can achieve friendly coexistence with the Wi-Fi network. For both LBT algorithms, the performance of the non-replaced Wi-Fi network is not negatively impacted when compared to the baseline.
We further observe that the Wi-Fi network with both DL and UL traffic (and consequently more nodes contending for channel access) manages to achieve higher served traffic even when the offered load is the same as the other Wi-Fi network with only DL traffic (and consequently fewer nodes contending for channel access). It can be observed that the performance of the LAA network operating a Category 4 LBE LBT with NACK based exponential backoff can be suppressed by the more aggressive Wi-Fi with both DL and UL traffic at higher loads. The Category 3 LBE LBT scheme allows LAA to access the channel to be able to send, e.g., UL grants to schedule UE for UL transmission. This is further discussed in [10] and [11]. 
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(a) Mean DL throughput for both operators 	(b) 5th percentile DL throughput for both operators
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(c) Mean UL throughput for operator B 		(d) 5th percentile UL throughput for operator B
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(e) served-to-offered traffic ratios for both networks     (f) served-to-offered traffic ratio for operator B
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(g) buffer occupancy for both networks
[bookmark: _Ref416362735]Figure 2 Coexistence results of the indoor test scenario with FTP traffic. Each network has 4 eNBs/APs and 20 UEs. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split. For LAA, licensed band PCell is not used for DL traffic in this test.

Detailed coexistence evaluation results are provided in Table 1 and Table 2 below. The tables below show the throughput and latency for the agreed significant points on the CDF for each of the coexistence scenario. Moreover, the ratio between served and offered traffic and the mean buffer occupancy are reported. The performance metrics are reported for both DL and UL when relevant. The corresponding offered traffic to BO of the baseline system is used as the reference offered traffic 𝜆 to determine the performance metric of different networks for different steps.

[bookmark: _Ref414621478]Table 1: Category 3 LBT algorithm based on LBE LBT with defer period. Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split. Each network has 4 eNBs/APs and 20 UEs.
	
Reported parameters
	Low load
BO range for Wi-Fi Opt.1 in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. 1 in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.1  in Step 1: above 55%

	
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2

	DL:
UPT CDF
[Mbps]
	5%
	21.1
	24.1
	32.23
	47.34
	7.39
	8.57
	13.82
	22.96
	0.59
	0.78
	3.03
	7.03

	
	50%
	54.71
	56.38
	70.11
	81.18
	33
	34.88
	51.03
	64.26
	15.13
	16.73
	27.43
	37.78

	
	95%
	86.96
	87.88
	94.43
	99.91
	68.55
	68.07
	81.03
	87.18
	43.69
	43.23
	57.4
	63.15

	
	Mean
	57.36
	58.66
	69.57
	79.72
	36.95
	37.84
	51.06
	60.99
	19.12
	19.73
	29.78
	37.12

	DL:
Delay CDF
[s]
	5%
	0.044
	0.046
	0.039
	0.038
	0.059
	0.076
	0.053
	0.05
	0.107
	0.109
	0.095
	0.092

	
	50%
	0.179
	0.191
	0.078
	0.062
	0.619
	0.463
	0.177
	0.102
	1.374
	0.93
	0.709
	0.484

	
	95%
	1.332
	1.387
	0.709
	0.264
	4.581
	4.175
	3.124
	1.851
	7.415
	6.311
	5.753
	3.423

	
	Mean
	0.497
	0.47
	0.196
	0.109
	1.44
	1.235
	0.774
	0.487
	2.463
	1.974
	1.71
	1.065

	UL:
UPT CDF
[Mbps]
	5%
	5.43
	N/A
	8.5
	N/A
	    2.08
	N/A
	3.37
	N/A
	0.37
	N/A
	0.65
	N/A

	
	50%
	40.16
	N/A
	53.54
	N/A
	   22.08
	N/A
	36.62
	N/A
	8.91
	N/A
	18.05
	N/A

	
	95%
	82.05
	N/A
	87.13
	N/A
	   67.13
	N/A
	77.07
	N/A
	45.99
	N/A
	56.92
	N/A

	
	Mean
	43.46
	N/A
	52.55
	N/A
	   28.71
	N/A
	39.15
	N/A
	15.57
	N/A
	23.09
	N/A

	UL:
Delay CDF
[s]
	5%
	0.029
	N/A
	0.028
	N/A
	0.037
	N/A
	0.031
	N/A
	0.08
	N/A
	0.052
	N/A

	
	50%
	0.134
	N/A
	0.066
	N/A
	0.415
	N/A
	0.15
	N/A
	0.902
	N/A
	0.578
	N/A

	
	95%
	1.627
	N/A
	0.769
	N/A
	3.703
	N/A
	2.343
	N/A
	5.434
	N/A
	4.334
	N/A

	
	Mean
	0.466
	N/A
	0.23
	N/A
	1.066
	N/A
	0.595
	N/A
	1.731
	N/A
	1.309
	N/A

	𝜌DL
	0.97
	0.96
	0.99
	1.00
	0.86
	0.84
	0.94
	0.97
	0.72
	0.70
	0.81
	0.90

	𝜌UL
	0.97
	N/A
	0.99
	N/A
	0.91
	N/A
	0.97
	N/A
	0.85
	N/A
	0.90

	N/A

	BO
	0.2
	0.23
	0.12
	0.11
	0.4
	0.42
	0.26
	0.24
	0.6
	0.61
	0.47
	0.4600

	𝜆
	0.334327
	0.402741
	0.48666

	Company/tdoc: R1-150584	Comment by Thomas Cheng: 
LBT category: 3
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 20 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions



[bookmark: _Ref416420618]Table 2: Category 4 LBT algorithm based on LBE LBT with defer period and NACK based contention window increase. Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split. Each network has 4 eNBs/APs and 20 UEs.
	
Reported parameters
	Low load
BO range for Wi-Fi Opt.1 in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. 1 in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.1  in Step 1: above 55%

	
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2

	DL:
UPT CDF
[Mbps]
	5%
	21.1
	24.1
	40.33
	51.5200
	7.39
	8.57
	18.7800
	24.9700
	0.59
	0.78
	5.2100
	7.5100

	
	50%
	54.71
	56.38
	72.42
	81.7300
	33
	34.88
	54.7000
	62.9300
	15.13
	16.73
	32.5700
	37.9300

	
	95%
	86.96
	87.88
	93.74
	100.1200
	68.55
	68.07
	84.8300
	89.9600
	43.69
	43.23
	64.8700
	69.5900

	
	Mean
	57.36
	58.66
	72.14
	81.2800
	36.95
	37.84
	54.7900
	61.7700
	19.12
	19.73
	34.5900
	39.0500

	DL:
Delay CDF
[s]
	5%
	0.044
	0.046
	0.038
	0.0390
	0.059
	0.076
	0.045
	0.0460
	0.107
	0.109
	0.07
	0.0690

	
	50%
	0.179
	0.191
	0.072
	0.0640
	0.619
	0.463
	0.145
	0.1680
	1.374
	0.93
	0.461
	0.5420

	
	95%
	1.332
	1.387
	0.413
	0.4900
	4.581
	4.175
	1.961
	2.3950
	7.415
	6.311
	4.393
	4.4470

	
	Mean
	0.497
	0.47
	0.152
	0.1490
	1.44
	1.235
	0.545
	0.6470
	2.463
	1.974
	1.224
	1.3080

	UL:
UPT CDF
[Mbps]
	5%
	5.43
	N/A
	10.43
	N/A
	    2.08
	N/A
	4.260
	N/A
	0.37
	N/A
	0.960
	N/A

	
	50%
	40.16
	N/A
	55.37
	N/A
	   22.08
	N/A
	38.670
	N/A
	8.91
	N/A
	20.950
	N/A

	
	95%
	82.05
	N/A
	88.28
	N/A
	   67.13
	N/A
	79.940
	N/A
	45.99
	N/A
	62.260
	N/A

	
	Mean
	43.46
	N/A
	55.09
	N/A
	   28.71
	N/A
	41.650
	N/A
	15.57
	N/A
	26.380
	N/A

	UL:
Delay CDF
[s]
	5%
	0.029
	N/A
	0.028
	N/A
	0.037
	N/A
	0.029
	N/A
	0.08
	N/A
	0.05
	N/A

	
	50%
	0.134
	N/A
	0.061
	N/A
	0.415
	N/A
	0.114
	N/A
	0.902
	N/A
	0.329
	N/A

	
	95%
	1.627
	N/A
	0.472
	N/A
	3.703
	N/A
	1.712
	N/A
	5.434
	N/A
	3.033
	N/A

	
	Mean
	0.466
	N/A
	0.14
	N/A
	1.066
	N/A
	0.454
	N/A
	1.731
	N/A
	0.897
	N/A

	𝜌DL
	0.97
	0.96
	1.00    
	0.99
	0.86
	0.84
	0.96   
	0.95
	0.72
	0.70
	0.89    
	0.85

	𝜌UL
	0.97
	N/A
	0.99
	N/A
	0.91
	N/A
	0.98

	N/A
	0.85
	N/A
	0.93
	N/A

	BO
	0.2
	0.23
	0.11    
	0.1200
	0.4
	0.42
	0.2300    
	0.2600
	0.6
	0.61
	0.41
	0.47

	𝜆
	0.334327
	0.402741
	0.48666

	Company/tdoc: R1-151996	Comment by Thomas Cheng: 
LBT category: 4 (contention window size is varied between 15 and 1023 based on latest HARQ feedbacks)
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 9 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions: 



Coexistence evaluation results when two operators deploy LAA networks are also provided in Table 3 and  Table 4 below. Both networks have only DL FTP traffic but with 500us offset between two LAA networks. The tables below show the throughput and latency for the agreed significant points on the CDF for each of the coexistence scenario. Moreover, the ratio between served and offered traffic and the mean buffer occupancy are reported. 
We observe that both Cat 3 and 4 LBT algorithms allow two LAA network coexists well without any asymmetric performance between two networks. 

[bookmark: _Ref417042637]Table 3: Category 3 LBT algorithm based on LBE LBT with defer period. Indoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and DL-only FTP traffic. Each network has 4 eNBs/APs and 20 UEs.
	Tdoc /
Company
	LAA LBT cat.
	Reported parameters
	Low load
BO range: 10%~25%
	Medium load
BO range: 35%~50%
	High load
BO range: above 55%

	
	
	
	LAA opt. 1
	LAA opt. 2
	LAA opt. 1
	LAA opt. 2
	LAA opt. 1
	LAA opt. 2

	Ericsson
R1-15xxxx	Comment by Thomas Cheng: 
	3
	DL:
UPT CDF
[Mbps]
	5%
	39.13
	37.81
	23.35
	22.66
	10.73
	10.27

	
	
	
	50%
	64.55
	63.04
	43.09
	41.52
	23.22
	21.740

	
	
	
	95%
	85.19
	85.09
	69.64
	68.04
	55.11
	52.25

	
	
	
	Mean
	65.27
	63.81
	46.14
	44.20
	28.71
	26.40

	
	
	DL:
Delay CDF
[s]
	5%
	0.049
	0.05
	0.065
	0.074
	0.082
	0.099

	
	
	
	50%
	0.092
	0.096
	0.421
	0.479
	0.776
	0.892

	
	
	
	95%
	0.205
	0.224
	1.179
	1.356
	2.225
	2.573

	
	
	
	Mean
	0.111
	0.116
	0.537
	0.612
	0.995
	1.145

	
	
	𝜌
	1.00
	1.00
	0.94
	0.93
	0.88
	0.86

	
	
	BO
	0.20
	0.21
	0.40
	0.42
	0.60
	0.63

	
	
	𝜆
	0.53
	0.65
	0.75

	
	Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 20 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions



[bookmark: _Ref417042647]Table 4: Category 4 LBT algorithm based on LBE LBT with defer period and NACK based contention window increase. Indoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and DL-only FTP traffic. Each network has 4 eNBs/APs and 20 UEs.
	Tdoc /
Company
	LAA LBT cat.
	Reported parameters
	Low load
BO range: 10%~25%
	Medium load
BO range: 35%~50%
	High load
BO range: above 55%

	
	
	
	LAA opt. 1
	LAA opt. 2
	LAA opt. 1
	LAA opt. 2
	LAA opt. 1
	LAA opt. 2

	Ericsson
R1-15xxxx	Comment by Thomas Cheng: 
	4
	DL:
UPT CDF
[Mbps]
	5%
	42.69
	42.76
	23.84
	23.19
	5.28
	3.95

	
	
	
	50%
	64.67
	66.57
	42.31
	42.36
	20.14
	18.40

	
	
	
	95%
	81.69
	85.71
	62.41
	64.30
	43.28
	43.03

	
	
	
	Mean
	65.17
	67.33
	43.77
	44.40
	22.57
	21.70

	
	
	DL:
Delay CDF
[s]
	5%
	0.053
	0.05
	0.085
	0.086
	0.116
	0.122

	
	
	
	50%
	0.089
	0.089
	0.218
	0.239
	0.354
	0.401

	
	
	
	95%
	0.176
	0.19
	0.749
	1.01
	1.349
	1.845

	
	
	
	Mean
	0.103
	0.105
	0.315
	0.366
	0.537
	0.639

	
	
	𝜌
	1.00
	1.00
	0.98
	0.97
	0.96
	0.94

	
	
	BO
	0.20
	0.20
	0.40
	0.41
	0.60
	0.62

	
	
	𝜆
	0.56
	0.70
	0.84

	
	Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 9 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions:



Evaluation results for mixed traffic
We further evaluate the coexistence scenario when VoIP traffic exists in the non-replaced WiFi network. Detailed coexistence evaluation results are provided in Table 5 and Table 6 below. We can observe that both the Category 3 LBE LBT scheme and the Category 4 LBE LBT with NACK based exponential backoff can achieve friendly coexistence with the Wi-Fi network which has fixed traffic. For both LBT algorithms, the performance of the non-replaced Wi-Fi network is not negatively impacted when compared to the baseline.

[bookmark: _Ref416420690]Table 5: Category 3 LBT algorithm based on LBE LBT with defer period. Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split as well as VoIP traffic. Each network has 4 eNBs/APs and 20 UEs.
	
Reported parameters
	Low load
BO range for Wi-Fi Opt.1 in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. 1 in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.1  in Step 1: above 55%

	
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2


	DL:
UPT CDF
[Mbps]
	5%
	26.76
	27.92
	38.19
	61.79
	3.02
	5.2
	21.46
	37.3500
	0.95
	1.52
	7.76
	17.26

	
	50%
	60.25
	61.88
	73.66
	89.52
	32.08
	32.54
	56.32
	73.2700
	14.84
	15.23
	34.07
	47.35

	
	95%
	88.16
	89.18
	96.41
	105.69
	68.97
	70.32
	85.83
	94.5500
	41.74
	40.91
	66.36
	76.78

	
	Mean
	61.37
	62.94
	73.51
	88.96
	35.67
	36.81
	57.24
	72.0800
	18.47
	18.66
	37.3
	48.75


	DL:
Delay CDF
[s]
	5%
	0.044
	0.054
	0.038
	0.035
	0.062
	0.078
	0.045
	0.0420
	0.107
	0.101
	0.066
	0.061

	
	50%
	0.208
	0.222
	0.078
	0.052
	0.507
	0.507
	0.154
	0.0870
	1.241
	1.015
	0.432
	0.234

	
	95%
	2.234
	1.93
	0.551
	0.222
	5.261
	4.382
	1.34
	0.5790
	8.459
	6.258
	2.855
	1.642

	
	Mean
	0.596
	0.557
	0.170
	0.089
	1.405
	1.264
	0.39
	0.1900
	2.558
	2.038
	0.949
	0.508


	UL:
UPT CDF
[Mbps]
	5%
	7.38
	N/A
	13.720
	N/A
	0.75
	N/A
	4.26
	N/A
	0.41
	N/A
	1.75
	N/A

	
	50%
	42.01
	N/A
	55.470
	N/A
	19.92
	N/A
	40.33
	N/A
	8.03
	N/A
	21.03
	N/A

	
	95%
	81.57
	N/A
	87.570
	N/A
	65.73
	N/A
	77.42
	N/A
	41.94
	N/A
	65.14
	N/A

	
	Mean
	45.74
	N/A
	55.340
	N/A
	27.14
	N/A
	41.89
	N/A
	27.14
	N/A
	27.190
	N/A

	UL:
Delay CDF
[s]
	5%
	0.031
	N/A
	0.029
	N/A
	0.039
	N/A
	0.032
	N/A
	0.41
	N/A
	0.036
	N/A

	
	50%
	0.175
	N/A
	0.068
	N/A
	0.41
	N/A
	0.135
	N/A
	8.03
	N/A
	0.398
	N/A

	
	95%
	1.95
	N/A
	0.692
	N/A
	4.219
	N/A
	1.609
	N/A
	41.94
	N/A
	3.252
	N/A

	
	Mean
	0.551
	N/A
	0.189
	N/A
	1.208
	N/A
	0.416
	N/A
	14.05
	N/A
	0.917
	N/A


	VoIP outage
	0.36
	N/A
	0.160
	N/A
	0.59
	N/A
	0.29
	N/A
	0.76
	N/A
	0.57
	N/A

	VoIP outage
(DL)
	0.3
	N/A
	0.120
	N/A
	0.51
	N/A
	0.21
	N/A
	0.74
	N/A
	0.49
	N/A

	VoIP outage
(UL)
	0.12
	N/A
	0.070
	N/A
	0.22
	N/A
	0.15
	N/A
	0.29
	N/A
	0.29
	N/A

	𝜌DL
	0.95
	0.95
	0.990
	1.00
	0.86
	0.87
	0.97
	0.9900
	0.73
	0.73
	0.88
	0.96

	𝜌UL
	0.96
	N/A
	0.99
	N/A
	0.91
	N/A
	0.97
	N/A
	0.84
	N/A
	0.92

	N/A

	BO
	0.2
	0.2
	0.11
	0.08
	0.4
	0.4
	0.21
	0.1600
	0.6
	0.6
	0.39
	0.33

	𝜆
	0.259090
	0.343218
	0.410374

	Company/tdoc: R1-150584
LBT category: 3
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 20 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions



[bookmark: _Ref416420696]Table 6: Category 4 LBT algorithm based on LBE LBT with defer period and NACK based contention window increase. Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split as well as VoIP traffic. Each network has 4 eNBs/APs and 20 UEs.
	
Reported parameters
	Low load
BO range for Wi-Fi Opt.1 in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. 1 in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.1  in Step 1: above 55%

	
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2
	Wi-Fi Opt.1 in
step 1
	Wi-Fi Opt.2 in
step 1
	Wi-Fi Opt. 1 in
step 2
	LAA Opt.2
in
step 2


	DL:
UPT CDF
[Mbps]
	5%
	26.76
	27.92
	43.7200
	65.1200
	3.02
	5.2
	28.8400
	44.8600
	0.95
	1.52
	11.1700
	18.2900

	
	50%
	60.25
	61.88
	76.3600
	90.9900
	32.08
	32.54
	60.3400
	75.4700
	14.84
	15.23
	37.0100
	47.0800

	
	95%
	88.16
	89.18
	96.0400
	106.4200
	68.97
	70.32
	85.2200
	95.3300
	41.74
	40.91
	68.8600
	77.5000

	
	Mean
	61.37
	62.94
	75.6700
	90.5600
	35.67
	36.81
	60.9800
	75.0300
	18.47
	18.66
	39.8700
	49.7900


	DL:
Delay CDF
[s]
	5%
	0.044
	0.054
	0.0380
	0.0350
	0.062
	0.078
	0.0470
	0.0410
	0.107
	0.101
	0.0680
	0.0520

	
	50%
	0.208
	0.222
	0.0710
	0.0530
	0.507
	0.507
	0.1390
	0.1070
	1.241
	1.015
	0.4120
	0.3650

	
	95%
	2.234
	1.93
	0.2120
	0.1850
	5.261
	4.382
	0.6380
	0.5800
	8.459
	6.258
	2.7190
	2.2680

	
	Mean
	0.596
	0.557
	0.0980
	0.0810
	1.405
	1.264
	0.2330
	0.2080
	2.558
	2.038
	0.8440
	0.7690


	UL:
UPT CDF
[Mbps]
	5%
	7.38
	N/A
	16.1900
	N/A
	0.75
	N/A
	8.3200
	N/A
	0.75
	N/A
	2.9000
	N/A

	
	50%
	42.01
	N/A
	56.5600
	N/A
	19.92
	N/A
	43.6200
	N/A
	19.92
	N/A
	25.0900
	N/A

	
	95%
	81.57
	N/A
	87.7300
	N/A
	65.73
	N/A
	79.9800
	N/A
	65.73
	N/A
	66.6100
	N/A

	
	Mean
	45.74
	N/A
	56.6100
	N/A
	27.14
	N/A
	45.8000
	N/A
	14.0500

	N/A
	30.2900
	N/A

	UL:
Delay CDF
[s]
	5%
	0.031
	N/A
	0.0280
	N/A
	0.039
	N/A
	0.0290
	N/A
	0.0670
	N/A
	0.0350
	N/A

	
	50%
	0.175
	N/A
	0.0660
	N/A
	0.41
	N/A
	0.1210
	N/A
	0.9700
	N/A
	0.3270
	N/A

	
	95%
	1.95
	N/A
	0.3730
	N/A
	4.219
	N/A
	0.9440
	N/A
	5.8870
	N/A
	2.8400
	N/A

	
	Mean
	0.551
	N/A
	0.1290
	N/A
	1.208
	N/A
	0.2820
	N/A
	1.8750
	N/A
	0.7850
	N/A


	VoIP outage
	0.36
	N/A
	0.1000
	N/A
	0.59
	N/A
	0.1800
	N/A
	0.76
	N/A
	0.4100
	N/A

	VoIP outage
(DL)
	0.3
	N/A
	0.0800
	N/A
	0.51
	N/A
	0.1400
	N/A
	0.74
	N/A
	0.3500
	N/A

	VoIP outage
(UL)
	0.12
	N/A
	0.0400
	N/A
	0.22
	N/A
	0.0900
	N/A
	0.28
	N/A
	0.2000
	N/A

	𝜌DL
	0.95
	0.95
	1.0000
	1.0000
	0.86
	0.87
	0.9900
	0.9800
	0.73
	0.73
	0.9300
	0.9100

	𝜌UL
	0.96
	N/A
	1.0000
	N/A
	0.91
	N/A
	0.9900

	N/A
	0.84
	N/A
	0.9500

	N/A

	BO
	0.2
	0.2
	0.0900
	0.0800
	0.4
	0.4
	0.1600
	0.1500
	0.6
	0.6
	0.3400
	0.3600

	𝜆
	0.259090
	0.343218
	0.410374

	Company/tdoc: R1-151996
LBT category: 4 (contention window size is varied between 15 and 1023 based on latest HARQ feedbacks)
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 9 μs
Whether or not intra and/or inter-RAT detection is assumed: no
Any significant deviations from evaluations methodology and assumptions:



Conclusions
In this contribution, we analyze the benefits, robustness and flexibility of the Category 3 LBE LBT scheme with defer period and mandatory ECCA. We further consider one possible extension of it to further incorporate Category 4 features of variable contention window size. We further analyse and evaluate a Category 4 LBE LBT scheme that is largely based on the Wi-Fi medium access protocol. We provide extensive coexistence evaluation results for both LBT algorithms when FTP and VoIP traffic exist. We make the following observations.
Observations:
· Category 3 LBT algorithm based on LBE LBT with defer period and mandatory ECCA can coexist with a Wi-Fi network.
· Category 4 LBT algorithm based on LBE LBT with defer period and NACK based contention window increase can coexist with a Wi-Fi network.
· Category 3 LBT algorithm based on LBE LBT with defer period and mandatory ECCA can coexist with an LAA network.
· Category 4 LBT algorithm based on LBE LBT with defer period and NACK based contention window increase can coexist with an LAA network.
Based on the analysis provided in this contribution and [9], we have the following proposal.
Proposal: Consider further the following two LBT algorithms for LAA LBT designs:
· Category 3 LBT algorithm based on LBE LBT with defer period and mandatory ECCA
· Category 4 LBT algorithm based on LBE LBT with defer period, mandatory ECCA and NACK based contention window increase
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