3GPP TSG RAN WG1 82 Meeting
R1-153780
Beijing, China, August 24th – 28th, 2015
Agenda Item:
7.2.4.1
Source:
Huawei, HiSilicon
Title:
LBT procedure and parameters for PDSCH transmission in LAA carriers
Document for:
Discussion and decision 
1 Introduction
At RAN #81 meeting, it is agreed to adopt Category 4 based LBT mechanism as the baseline at least for LAA DL [1]. In addition, it is agreed that
Agreements:
· For LBT Category 4 operation for PDSCH, following approaches for CWS (contention window size) adjustment should be captured in TR.

· Option 1: based on feedback/report of UE(s) (e.g. HARQ ACK/NACK)

· Option 2: based on eNB’s assessment (e.g. sensing based adjustment)

· Note: combination of those options are not precluded.

· FFS for the detailed formulation of CWS adjustment

Agreements:
· If LAA is adopting a LBT category 4 scheme for DL transmission, it will be based on ETSI option B modified to a LBT category 4 scheme except for the following modifications that ensure fairness with Wi-Fi:

· The size of the LAA contention window is variable via dynamic variable  backoff or semi-static backoff between X and Y ECCA slots
· One candidate of variable is exponential backoff, FFS for other candidates

· Note that most of evaluations are based on exponential backoff

· The value of X and Y is a configurable parameter

· FFS: which trigger and rate for adapting the size of the contention window

· Consider minimum ECCA slot size smaller than 20 µs
· The defer period is configurable. It can be configured to be comparable to defer periods of Wi-Fi (e.g. DIFS or AIFS).
In this contribution, two Cat.4 procedures based on ACK/NACK feedback and eNB sensing, respectively, are presented and evaluated. In addition, the parameters of CWS range and ECCA slot length are also evaluated to investigate a set of appropriate parameter configurations to guarantee fair co-existence with Wi-Fi.
2 Category 4 procedure and parameters
In this contribution, the exact Cat.4 schemes and parameters are evaluated with regards to Wi-Fi co-existence performance, with DL-only traffic in LAA network and DL+UL FTP + VoIP traffic in co-existing Wi-Fi network. According to [1], the size of the LAA contention window is variable between X and Y ECCA slots for Cat. 4. Two co-existence scenarios are evaluated and compared for outdoor deployments for single carrier as following:
· Scenario a:  Operator #1 deploys Wi-Fi and Operator #2 deploys Wi-Fi

· Scenario b:  Operator #1 deploys Wi-Fi and Operator #2 deploys LAA-LTE
The CWS can be adjusted based on the two following schemes:
Option 1: feedback based CWS adjustment
CWS is adjusted based on the feedback of UEs, e.g., ACK/NACKs of the previous transmission. Different from Wi-Fi CWS adjustment mechanism, multiple UEs can be scheduled per subframe by LTE, and multiple subframes are included within one transmission burst, eNB may have to take into consideration all ACK/NACKs from scheduled UEs in previous transmission burst. In this evaluation, eNB separately records the number of ACKs (N_ACK) and NACKs (N_NACK) fed back by all UEs which were scheduled in previous transmission burst. If the ratio of N_NACK / (N_ACK + N_NACK) exceeds 5%, then the CWS is doubled for the next ECCA check; otherwise the CWS is reset to the minimum value of X. When the CWS reaches the maximum value of Y yet still triggers the doubling condition, then the CWS is also reset to the minimum value of X. 
Option 2: sensing based CWS adjustment

Another possibility is to adjust CWS by eNB self-sensing of channel condition, by which eNB adjusts the CWS according to the sensed channel status without UE feedback [2]. In our evaluation, a slide window is configured for each eNB which includes a couple of sensing slot with length of 9us (same as one ECCA slot) and energy detection is performed per sensing slot during the slide window. If the detected energy exceeds a predefined threshold, the sensing slot is marked as a busy slot; otherwise it is an idle slot. The CWS is determined before each ECCA check based on the ratio of busy slot number to the total sensing slot number within previous slide window. A optimized mapping table (Table 1) is used for the selection of CWS, where larger CWS corresponds to larger busy slot ratio, which indicates heavier load. Then the random backoff counter is generated based on the updated CWS. 
Table 1 Mapping table from busy slot ratio to CWS

	Busy slot ratio
	[0.27, 0.37]
	(0.45, 0.62]
	(0.62, 0.72]

	CWS
	16
	128
	256


2.1 Evaluation for feedback based CWS
2.1.1 CWS range

The performances are evaluated for different X values under the ACK/NACK based Cat. 4 where the CWS is adjusted between [X, 1024]. The ECCA slot length is assumed as 9us.
The performances of average UPT for Wi-Fi and LAA as well as the VoIP outage probabilities for Wi-Fi are shown in Figure1~ Figure 3 and Table 2~4. It can be illustrated by Figure 1 and Figure 2 that Wi-Fi FTP performances are not adversely impacted by ACK/NACK based LAA more than another Wi-Fi network over various X values. Wi-Fi VoIP outage probabilities are harmed a little by LAA under heavy load case for small value of X, e.g. X=16, but by increasing X to an appropriate value, e.g. X=64, Wi-Fi VoIP performances can also be guaranteed. Also note that in such a high-load region, the performance of Wi-Fi is too poor to provide VoIP service with realistic quality (>80% VoIP outage ratio) so that it make little sense to sacrifice LAA performance too much to meet the co-existence requirements of such a extreme case. 
Therefore, the parameter of CWS range s with X = 16, Y = 1024 should be at least  supported for light load cases, at can be appropriately increased based on the traffic load to guarantee fair co-existence with Wi-Fi.
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Figure 1: Wi-Fi DL and UL average UPT for LAA and Wi-Fi co-existence under various X values. DL and UL average UPT of Wi-Fi co-existing with Wi-Fi is presented as reference
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Figure 2: Wi-Fi VoIP outage probability for LAA and Wi-Fi co-existence under various X values. VoIP outage of Wi-Fi co-existing with Wi-Fi is presented as reference
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Figure 3: LAA average UPT for LAA and Wi-Fi co-existence under various X values. DL average UPT of Wi-Fi co-existing with Wi-Fi is presented as reference
Table 2 Cat.4 results for co-existence of Wi-Fi and ACK/NACK based LAA (X = 16, Y = 1024)
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

ACK/NACK based

[16, 1024]
	　
	5%
	1.33
	2.06
	3.62
	0.87
	1.63
	2.61
	0.47
	0.64
	2.52

	
	UPT DL CDF
	50%
	23.8
	29.45
	32.46
	4.78
	13.56
	16.90
	3.23
	4.43
	11.50

	
	[Mbps]
	95%
	41.1
	52.49
	48.60
	22.89
	32.32
	38.99
	17.22
	26.40
	33.88

	
	　
	Mean
	22.8
	29.47
	29.31
	8.83
	14.85
	18.19
	5.93
	8.17
	14.28

	
	　
	5%
	0.09
	0.07
	0.08
	0.16
	0.12
	0.09
	0.19
	0.14
	0.11

	
	Delay DL CDF
	50%
	0.16
	0.13
	0.12
	0.67
	0.27
	0.22
	0.85
	0.67
	0.31

	
	[s]
	95%
	1.85
	1.27
	0.95
	2.34
	1.51
	1.16
	3.85
	3.06
	1.21

	
	　
	Mean
	0.43
	0.27
	0.24
	0.85
	0.52
	0.43
	1.30
	1.01
	0.50

	
	　
	5%
	0.73
	1.00
	－－
	0.48
	0.94
	－－
	0.45
	0.46
	－－

	
	UPT UL CDF
	50%
	19.8
	20.18
	
	2.85
	4.01
	
	2.31
	2.68
	

	
	[Mbps]
	95%
	38.46
	40.51
	
	22.84
	27.49
	
	18.26
	21.69
	

	
	　
	Mean
	17.75
	19.64
	
	6.76
	9.06
	
	4.68
	5.20
	

	
	　
	5%
	0.09
	0.09
	
	0.16
	0.13
	
	0.21
	0.18
	

	
	Delay UL CDF
	50%
	0.20
	0.19
	
	1.00
	0.78
	
	1.00
	0.91
	

	
	[s]
	95%
	2.63
	2.19
	
	3.74
	2.46
	
	3.64
	3.98
	

	
	　
	Mean
	0.72
	0.61
	
	1.24
	1.01
	
	1.35
	1.38
	

	
	𝜌
	0.78
	0.75
	1.0
	0.77
	0.78
	1.0
	0.72
	0.78
	1.0
	

	
	BO
	0.19
	0.15
	0.07
	0.41
	0.31
	0.16
	0.55
	0.46
	0.24
	

	
	VoIP outage
	0.25
	0.20
	－－
	0.71
	0.67
	－－
	0.86
	0.90
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.20
	
	0.68
	0.65
	
	0.85
	0.85
	
	

	
	VoIP outage

(UL)
	0.02
	0.0
	
	0.22
	0.25
	
	0.37
	0.38
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, CWS~[16, 1024], slot length = 9us, defer period = 34us

	
	


Table 3 Cat.4 results for co-existence of Wi-Fi and ACK/NACK based LAA (X = 32, Y = 1024)
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

ACK/NACK based

[32, 1024]
	　
	5%
	1.33
	1.78
	4.06
	0.87
	1.66
	2.91
	0.47
	0.94
	1.49

	
	UPT DL CDF
	50%
	23.8
	28.45
	30.65
	4.78
	14.79
	17.09
	3.23
	5.68
	10.55

	
	[Mbps]
	95%
	41.1
	50.63
	50.88
	22.89
	36.17
	36.27
	17.22
	26.94
	28.55

	
	　
	Mean
	22.8
	29.26
	29.84
	8.83
	15.15
	18.22
	5.93
	9.39
	12.71

	
	　
	5%
	0.09
	0.07
	0.07
	0.16
	0.10
	0.10
	0.19
	0.14
	0.13

	
	Delay DL CDF
	50%
	0.16
	0.13
	0.12
	0.67
	0.25
	0.22
	0.85
	0.53
	0.34

	
	[s]
	95%
	1.85
	1.49
	0.82
	2.34
	1.67
	1.14
	3.85
	2.71
	1.32

	
	　
	Mean
	0.43
	0.34
	0.22
	0.85
	0.56
	0.37
	1.30
	0.93
	0.59

	
	　
	5%
	0.73
	1.00
	－－
	0.48
	0.96
	－－
	0.45
	0.50
	－－

	
	UPT UL CDF
	50%
	19.8
	20.43
	
	2.85
	3.84
	
	2.31
	2.82
	

	
	[Mbps]
	95%
	38.46
	43.57
	
	22.84
	28.48
	
	18.26
	18.22
	

	
	　
	Mean
	17.75
	19.10
	
	6.76
	9.03
	
	4.68
	5.47
	

	
	　
	5%
	0.09
	0.08
	
	0.16
	0.13
	
	0.21
	0.20
	

	
	Delay UL CDF
	50%
	0.20
	0.19
	
	1.00
	0.82
	
	1.00
	0.99
	

	
	[s]
	95%
	2.63
	2.28
	
	3.74
	2.74
	
	3.64
	4.00
	

	
	　
	Mean
	0.72
	0.67
	
	1.24
	0.99
	
	1.35
	1.42
	

	
	𝜌
	0.78
	0.77
	1.0
	0.77
	0.77
	1.0
	0.72
	0.76
	1.0
	

	
	BO
	0.19
	0.16
	0.07
	0.41
	0.30
	0.18
	0.55
	0.45
	0.26
	

	
	VoIP outage
	0.25
	0.25
	－－
	0.71
	0.67
	－－
	0.86
	0.87
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.22
	
	0.68
	0.65
	
	0.85
	0.80
	
	

	
	VoIP outage

(UL)
	0.02
	0.05
	
	0.22
	0.17
	
	0.37
	0.40
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, CWS~[32, 1024], ECCA slot length = 9us, defer period = 34us

	
	


Table 4 Cat.4 results for co-existence of Wi-Fi and ACK/NACK based LAA (X = 64, Y = 1024)
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

ACK/NACK based

[64, 1024]
	　
	5%
	1.33
	1.36
	4.50
	0.87
	1.69
	2.37
	0.47
	1.02
	2.74

	
	UPT DL CDF
	50%
	23.8
	32.51
	31.69
	4.78
	16.69
	13.82
	3.23
	4.12
	10.04

	
	[Mbps]
	95%
	41.1
	52.29
	47.24
	22.89
	37.61
	34.21
	17.22
	24.84
	30.29

	
	　
	Mean
	22.8
	30.01
	29.39
	8.83
	17.13
	16.17
	5.93
	8.98
	12.72

	
	　
	5%
	0.09
	0.07
	0.07
	0.16
	0.10
	0.11
	0.19
	0.15
	0.13

	
	Delay DL CDF
	50%
	0.16
	0.12
	0.12
	0.67
	0.23
	0.27
	0.85
	0.67
	0.34

	
	[s]
	95%
	1.85
	1.59
	0.72
	2.34
	1.58
	0.99
	3.85
	2.53
	1.26

	
	　
	Mean
	0.43
	0.34
	0.23
	0.85
	0.51
	0.43
	1.30
	0.91
	0.48

	
	　
	5%
	0.73
	1.41
	－－
	0.48
	0.92
	－－
	0.45
	0.47
	－－

	
	UPT UL CDF
	50%
	19.8
	21.87
	
	2.85
	3.29
	
	2.31
	3.00
	

	
	[Mbps]
	95%
	38.46
	42.67
	
	22.84
	29.66
	
	18.26
	21.89
	

	
	　
	Mean
	17.75
	20.79
	
	6.76
	9.35
	
	4.68
	5.88
	

	
	　
	5%
	0.09
	0.09
	
	0.16
	0.13
	
	0.21
	0.16
	

	
	Delay UL CDF
	50%
	0.20
	0.17
	
	1.00
	0.89
	
	1.00
	0.89
	

	
	[s]
	95%
	2.63
	2.06
	
	3.74
	2.82
	
	3.64
	3.01
	

	
	　
	Mean
	0.72
	0.56
	
	1.24
	1.07
	
	1.35
	1.18
	

	
	𝜌
	0.78
	0.78
	1.0
	0.77
	0.76
	1.0
	0.72
	0.75
	1.0
	

	
	BO
	0.19
	0.16
	0.07
	0.41
	0.30
	0.20
	0.55
	0.44
	0.29
	

	
	VoIP outage
	0.25
	0.10
	－－
	0.71
	0.62
	－－
	0.86
	0.82
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.10
	
	0.68
	0.60
	
	0.85
	0.80
	
	

	
	VoIP outage

(UL)
	0.02
	0.0
	
	0.22
	0.15
	
	0.37
	0.37
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, CWS~[64, 1024], ECCA slot length = 9us, defer period = 34us

	
	


2.1.2 ECCA slot length
In addition to 9us, ECCA slot length of 24us and 32us are also evaluated under the ACK/NACK based Cat.4 scheme. The CWS range is assumed to vary between [16, 1024]
The performances of average UPT for Wi-Fi and LAA as well as the VoIP outage probabilities for Wi-Fi are shown in Figure 4~6 and Table 5~6. It can be shown that 9us ECCA slot length can ensure fair co-existence to Wi-Fi FTP traffic and VoIP traffic at light load; by appropriately increasing ECCA slot length to, e.g. 24us, fair co-existence can be even improved in medium and heavy load cases. In addition, \Wi-Fi performance is improved with the increase of LAA ECCA slot length due to the increased average waiting time of LAA, while the average UPT of LAA is obviously degraded with the increase of ECCA slot length. Considering the adaptive adjustment of CWS can already guarantee fair co-existence, the ECCA slot length can be configured with fixed length as 9us.
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Figure 4. Wi-Fi DL and UL average UPT for LAA and Wi-Fi co-existence under various ECCA slot lengths. DL and UL average UPT of Wi-Fi co-existing with Wi-Fi is presented as reference.
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Figure 5: Wi-Fi VoIP outage probability for LAA and Wi-Fi co-existence under various ECCA slot lengths. VoIP outage of Wi-Fi co-existing with Wi-Fi is presented as reference.
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Figure 6: LAA average UPT for LAA and Wi-Fi co-existence under various ECCA slot lengths. DL average UPT of Wi-Fi co-existing with Wi-Fi is presented as reference.

Table 5 Cat.4 results for co-existence of Wi-Fi and ACK/NACK based LAA (ECCA slot length = 24us)
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

ACK/NACK based
	　
	5%
	1.33
	1.85
	4.96
	0.87
	1.42
	2.34
	0.47
	1.33
	1.13

	
	UPT DL CDF
	50%
	23.8
	32.82
	28.37
	4.78
	14.74
	15.80
	3.23
	7.22
	10.99

	
	[Mbps]
	95%
	41.1
	53.23
	47.39
	22.89
	32.74
	35.08
	17.22
	27.25
	27.19

	
	　
	Mean
	22.8
	31.24
	28.30
	8.83
	14.97
	16.32
	5.93
	10.85
	11.85

	
	　
	5%
	0.09
	0.07
	0.08
	0.16
	0.12
	0.11
	0.19
	0.13
	0.14

	
	Delay DL CDF
	50%
	0.16
	0.12
	0.13
	0.67
	0.26
	0.24
	0.85
	0.48
	0.33

	
	[s]
	95%
	1.85
	1.24
	0.70
	2.34
	1.70
	1.11
	3.85
	2.03
	1.53

	
	　
	Mean
	0.43
	0.31
	0.22
	0.85
	0.55
	0.47
	1.30
	0.75
	0.56

	
	　
	5%
	0.73
	1.44
	－－
	0.48
	0.85
	－－
	0.45
	0.60
	－－

	
	UPT UL CDF
	50%
	19.8
	22.75
	
	2.85
	3.94
	
	2.31
	3.00
	

	
	[Mbps]
	95%
	38.46
	41.67
	
	22.84
	28.96
	
	18.26
	25.30
	

	
	　
	Mean
	17.75
	20.15
	
	6.76
	9.02
	
	4.68
	6.46
	

	
	　
	5%
	0.09
	0.09
	
	0.16
	0.13
	
	0.21
	0.14
	

	
	Delay UL CDF
	50%
	0.20
	0.17
	
	1.00
	0.88
	
	1.00
	1.00
	

	
	[s]
	95%
	2.63
	1.84
	
	3.74
	2.98
	
	3.64
	3.01
	

	
	　
	Mean
	0.72
	0.57
	
	1.24
	1.10
	
	1.35
	1.22
	

	
	𝜌
	0.78
	0.77
	1.0
	0.77
	0.79
	1.0
	0.72
	0.75
	1.0
	

	
	BO
	0.19
	0.15
	0.08
	0.41
	0.30
	0.18
	0.55
	0.41
	0.27
	

	
	VoIP outage
	0.25
	0.13
	－－
	0.71
	0.47
	－－
	0.86
	0.80
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.13
	
	0.68
	0.45
	
	0.85
	0.75
	
	

	
	VoIP outage

(UL)
	0.02
	0.0
	
	0.22
	0.17
	
	0.37
	0.35
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, CWS~[16, 1024], ECCA slot length = 24us, defer period = 34us

	
	


Table 6 Cat.4 results for co-existence of Wi-Fi and ACK/NACK based LAA (ECCA slot length = 32us)
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

ACK/NACK based
	　
	5%
	1.33
	2.38
	3.37
	0.87
	1.33
	2.75
	0.47
	1.04
	0.90

	
	UPT DL CDF
	50%
	23.8
	34.07
	28.28
	4.78
	15.41
	14.02
	3.23
	4.81
	8.10

	
	[Mbps]
	95%
	41.1
	52.63
	44.44
	22.89
	34.19
	34.32
	17.22
	28.11
	27.27

	
	　
	Mean
	22.8
	31.99
	25.60
	8.83
	15.82
	15.20
	5.93
	9.78
	10.76

	
	　
	5%
	0.09
	0.07
	0.08
	0.16
	0.11
	0.11
	0.19
	0.13
	0.14

	
	Delay DL CDF
	50%
	0.16
	0.11
	0.14
	0.67
	0.24
	0.28
	0.85
	0.67
	0.40

	
	[s]
	95%
	1.85
	1.33
	0.95
	2.34
	1.92
	1.21
	3.85
	2.71
	2.91

	
	　
	Mean
	0.43
	0.30
	0.26
	0.85
	0.59
	0.43
	1.30
	0.89
	0.74

	
	　
	5%
	0.73
	1.25
	－－
	0.48
	0.79
	－－
	0.45
	0.50
	－－

	
	UPT UL CDF
	50%
	19.8
	21.28
	
	2.85
	3.50
	
	2.31
	3.00
	

	
	[Mbps]
	95%
	38.46
	46.78
	
	22.84
	26.97
	
	18.26
	23.45
	

	
	　
	Mean
	17.75
	20.99
	
	6.76
	9.24
	
	4.68
	6.39
	

	
	　
	5%
	0.09
	0.08
	
	0.16
	0.12
	
	0.21
	0.15
	

	
	Delay UL CDF
	50%
	0.20
	0.18
	
	1.00
	0.88
	
	1.00
	0.88
	

	
	[s]
	95%
	2.63
	2.18
	
	3.74
	2.76
	
	3.64
	3.13
	

	
	　
	Mean
	0.72
	0.67
	
	1.24
	1.09
	
	1.35
	1.18
	

	
	𝜌
	0.78
	0.76
	1.0
	0.77
	0.77
	1.0
	0.72
	0.75
	1.0
	

	
	BO
	0.19
	0.15
	0.08
	0.41
	0.31
	0.21
	0.55
	0.42
	0.31
	

	
	VoIP outage
	0.25
	0.07
	－－
	0.71
	0.60
	－－
	0.86
	0.80
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.07
	
	0.68
	0.59
	
	0.85
	0.77
	
	

	
	VoIP outage

(UL)
	0.02
	0.0
	
	0.22
	0.10
	
	0.37
	0.30
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, CWS~[16, 1024], ECCA slot length = 32us, defer period = 34us

	
	


Based on the evaluations and analysis for CWS range and ECCA slot length, we have following observations.
Observation 1:At least X = 16, Y = 1024 with 9us ECCA slot length for ACK/NACK based Cat.4 CWS adjustment should be supported as baseline; X can be appropriately increased based on the traffic load.
Observation 2: Further increasing the LAA ECCA slot length or X can improve co-existing Wi-Fi performance but with the expense of significant LAA performance degradation.
2.2 Evaluation for sensing based CWS adjustment
Sensing based CWS adjustment is evaluated as following, where the CWS is determined based on the measured busy slot ratio and the mapping table. The ECCA slot length is assumed to be 9us.
The performances of average UPT as well as the VoIP outage probabilities for Wi-Fi are shown in Figure 7 and Figure 8. It seems Wi-Fi UPT and VoIP performances are not adversely impacted with co-existing with LAA network with option 2 Cat.4 LBT. 
Comparing option 1 and option 2, the average UPT of Wi-Fi co-existing with LAA adopting Option 1 outperforms that co-existing with LAA adopting Option 2, while Option 2 takes advantages over Option 1 in terms of Wi-Fi VoIP outage probabilities. This implies that feedback based CWS adjustment has priority in protecting co-existing best-effort traffic, while sensing based CWS adjustment is more efficient in guaranteeing the performance of delay-sensitive traffic.
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Figure 7: Wi-Fi DL and UL average UPT for LAA and Wi-Fi co-existence for two LBT Cat.4 schemes. DL and UL average UPT of Wi-Fi co-existing with Wi-Fi is presented as reference
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Figure 8: Wi-Fi DL, UL and total VoIP outage probabilities for LAA and Wi-Fi co-existence for two LBT Cat.4 schemes. VoIP outage of Wi-Fi co-existing with Wi-Fi is presented as reference.

Table 7 Cat.4 results for co-existence of Wi-Fi and sensing based LAA
	LBT category
	　
	Low load
	Medium load
	High load

	
	Reported parameters
	BO range for Wi-Fi in Step 1: 10%~25%
	BO range for Wi-Fi in Step 1: 35%~50%
	BO range for Wi-Fi in Step 1: above 55%

	
	　
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA
	Wi-Fi in
	Wi-Fi in
	LAA

	
	　
	step 1
	step 2
	in
	step 1
	step 2
	in
	step 1
	step 2
	in

	
	　
	　
	　
	step 2
	　
	　
	step 2
	　
	　
	step 2

	Cat.4

Sensing based
	　
	5%
	1.33
	1.99
	4.98
	0.87
	1.32
	2.70
	0.47
	0.55
	1.43

	
	UPT DL CDF
	50%
	23.8
	28.59
	27.63
	4.78
	9.57
	14.37
	3.23
	4.15
	9.10

	
	[Mbps]
	95%
	41.1
	48.48
	47.95
	22.89
	31.18
	33.84
	17.22
	25.30
	24.90

	
	　
	Mean
	22.8
	27.50
	26.43
	8.83
	12.41
	16.58
	5.93
	7.51
	11.04

	
	　
	5%
	0.09
	0.08
	0.08
	0.16
	0.11
	0.10
	0.19
	0.15
	0.14

	
	Delay DL CDF
	50%
	0.16
	0.13
	0.14
	0.67
	0.39
	0.26
	0.85
	0.73
	0.40

	
	[s]
	95%
	1.85
	1.33
	0.71
	2.34
	1.86
	0.96
	3.85
	3.84
	1.56

	
	　
	Mean
	0.43
	0.31
	0.24
	0.85
	0.62
	0.37
	1.30
	1.19
	0.63

	
	　
	5%
	0.73
	0.95
	－－
	0.48
	0.60
	
	0.45
	0.33
	

	
	UPT UL CDF
	50%
	19.8
	20.51
	
	2.85
	3.26
	
	2.31
	2.50
	

	
	[Mbps]
	95%
	38.46
	38.65
	
	22.84
	29.03
	
	18.26
	22.64
	

	
	　
	Mean
	17.75
	18.63
	
	6.76
	8.35
	
	4.68
	5.02
	

	
	　
	5%
	0.09
	0.09
	
	0.16
	0.13
	
	0.21
	0.16
	

	
	Delay UL CDF
	50%
	0.20
	0.19
	
	1.00
	0.88
	
	1.00
	1.10
	

	
	[s]
	95%
	2.63
	2.77
	
	3.74
	3.45
	
	3.64
	4.49
	

	
	　
	Mean
	0.72
	0.72
	
	1.24
	1.14
	
	1.35
	1.61
	

	
	𝜌
	0.78
	0.85
	1.0
	0.77
	0.86
	1.0
	0.72
	0.83
	1.0
	

	
	BO
	0.19
	0.16
	0.08
	0.41
	0.36
	0.22
	0.55
	0.49
	0.35
	

	
	VoIP outage
	0.25
	0.09
	－－
	0.71
	0.59
	－－
	0.86
	0.77
	－－
	

	
	VoIP outage

(DL)
	0.24
	0.09
	
	0.68
	0.58
	
	0.85
	0.76
	
	

	
	VoIP outage

(UL)
	0.02
	0.0
	
	0.22
	0.14
	
	0.37
	0.37
	
	

	
	𝜆
	0.4
	0.6 
	　0.7

	Additional comments
	256QAM, LDPC code, Wi-Fi max. duration = 3ms, LAA max. duration = 4ms, CCA-ED = -60dBm, WiFi with DL and UL transmission, ECCA slot length = 9us, defer period = 34us

	
	


Observation 3: Adopting sensing based Cat.4 CWS adjustment with 9us ECCA slot length can also provide fair co-existence with Wi-Fi.
Proposal: Contention window size adaptation can be triggered either by ACK/NACK report of UE or by eNB’s channel sensing. 
3 Conclusion

In this contribution, we presented two Cat. 4 schemes based on feedback and eNB sensing, respectively, and performed evaluations for the co-existence of Wi-Fi with LAA under outdoor deployment. In addition, appropriate parameters are suggested for LBT Cat. 4 which can provide fair co-existence with Wi-Fi and avoid significant performance degradation of LAA. Based on the simulation results, we draw the following conclusions:
Observation 1:At least X = 16, Y = 1024 with 9us ECCA slot length for ACK/NACK based Cat.4 CWS adjustment should be supported as baseline; X can be appropriately increased based on the traffic load.
Observation 2: Further increasing the LAA ECCA slot length or X can improve co-existing Wi-Fi performance but with the expense of significant LAA performance degradation.
Observation 3: Adopting sensing based Cat.4 CWS adjustment with 9us ECCA slot length can also provide fair co-existence with Wi-Fi.
Proposal: Contention window size adaptation can be triggered either by ACK/NACK report of UE or by eNB’s channel sensing. 
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Appendix: Simulation assumptions
The default parameters in the simulation can refer to the baseline in [3]. Besides, some other selected assumptions are given in the following table.

Table 8 Detailed simulation assumptions 

	Parameters 
	LAA-LTE 
	Wi-Fi 

	Carrier number
	1

	Traffic model
	BB. FTP3 with packet size of 0.5Mbytes. 
Victim Wi-Fi with UL traffic, others with DL traffic only.

Two additional VoIP UEs are deployed for the victim Wi-Fi network.

The ratio between DL and UL traffic for victim Wi-Fi is with 50% and 50%.

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

	LBT scheme
	Cat. 4
	CSMA/CA

	CCA threshold
	-60dBm for CCA-ED
	-62 dBm  for CCA-ED;

  -82 dBm for CCA-CS

	LAA eCCA / Wifi CCA backoff counter
	1~N CCA slots of LAA-LTE, where N~[1,q];

Cat. 4: q~[16, 1024], [32, 1024], [64, 1024]
	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

	ECCA slot length
	 9us, 24us, 32us
	9us

	Defer period
	34us
	34us AIFS for FTP, 25us for VoIP

	MPDU size
	NA
	1500k Bytes

	Max transmission time
	4ms
	3ms

	HARQ 
	Retransmission with max 3 times 
	ACK modeled

	Rate control
	Closed loop
	Open loop

	RTS/CTS
	NA

	MCS
	Up to 256QAM for LAA and Wi-Fi

LDPC for Wi-Fi


























































































































