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1
Introduction
In this contribution, we present the simulation results for the single channel indoor scenario when both Wi-Fi and LAA networks have DL and UL mixed traffic. 
We assume Cat. 4 LBT for LAA DL based on HARQ-ACKs. The set of contention window size (CWS) for LBT priority class 3 is {15, 31, 63}. The CWS is increased if at least Z % of the HARQ-ACK feedback values for a reference subframe set are NACK. Otherwise, the CWS is reset to the minimum value (i.e., 15). The reference subframe is the first DL subframe in the latest DL data burst for which HARQ-ACK feedback is available.

The LAA UL is either self-scheduled or cross-carrier scheduled. In the case of self-scheduled LAA UL, Cat. 4 LBT is performed only by the eNB, and after the eCCA completes, the eNB sends UL grant to a UE, before starting DL data burst if there is DL traffic. After DL data burst completes, the scheduled UE performs a single CCA if there is UL traffic, and it starts UL after the single CCA clears or aborts UL if the CCA fails. The entire TxOP of LAA is shared by DL and UL. Specifically, the maximum number of DL (resp. UL) subframes is less than maxDLSubframes (resp. maxULSubframes), and the sum of maxDLSubframes and maxDLSubframes is less than the LAA TxOP. The eNB always initiates eCCA even if there is no DL traffic in order to schedule UL. Due to the current n+x limitation in LTE timeline, i.e., the scheduled UE obtains the UL grant in the (n+x)th subframes when the grant is sent in the nth subframe, there exists an idle gap about x ms before UL if there is no DL data burst. In such cases, any co-band RAT (e.g. Wi-Fi) can obtain the medium during this gap and the scheduled UL has to abort due to the CCA failure.

In the case of cross-carrier scheduled LAA UL, both the eNB and the UE perform Cat. 4 LBT with the same set of CWS for LBT priority class 3 as described above. An LAA TxOP is either DL or UL, depending on if the Cat. 4 LBT is completed by the eNB or the UE. UL grants are sent by eNB over the licensed band, and after the UE completes LBT procedure, it immediately checks the availability of its UL grant. If no UL grant for the UE, it aborts UL, considers the eCCA in LBT fails and adjusts the CWS.
In the rest of this contribution, we show that the idle gap created by the UL grant delay in the self-scheduled UL can have considerable performance impact on LAA UL, and the cross-carrier scheduled UL should at least be supported as an alternative mode to the self-scheduled UL.
2
Simulation Results
2.1 


Simulation assumptions

The following parameters are assumed for Wi-Fi for the single channel indoor scenario.
	Parameter Name
	Value

	CCA-ED
	-72dBm

	CCA-CS
	SINR of 4dB

	Defer period for backoff
	Based on AIFS

	256 QAM
	Not used

	LDPC Codes
	Used

	RTS/CTS 
	Enabled

	Max TXOP
	8ms

	DL/UL subframe split in a TxOP when self-scheduling UL
	4/4

	DL/UL traffic split
	50%/50%


The below set of parameters are assumed for LAA deployments.

	Parameter Name
	Value

	Scheduling assumption
	All traffic on unlicensed only

	CCA-ED
	-72dBm

	LBT Category
	4

	CWS
	{15, 31, 63}

	Max TXOP
	8ms

	256 QAM 
	Not used

	CCA slot duration 
	20us

	Duration of initial deferral
	43us

	Inter operator sync
	eNBs are time synchronized but channel access time may be asynchronous

	Intra and inter-RAT detection
	Not assumed

	DL/UL traffic split
	50%/50%


We report the agreed statistics at the low, medium and high offered loads in the next section, where the low, medium and high loads refer to the offer rates when the downlink buffer occupancy of the Wi-Fi operator 1 in the step 1 is respectively 20%, 40% and 60%. The simulated results do not exactly align with these buffer occupancy marks and the reported numerical values are linearly interpolated to match these marks.

2.2 Results

2.2.1 Self-scheduling UL with grant delay x = 0
	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%
	29.80
	32.39
	49.50
	62.20
	15.56
	17.37
	35.00
	40.82
	6.60
	7.37
	18.21
	20.84

	
	50%
	49.51
	50.28
	66.92
	75.46
	30.62
	31.34
	54.02
	58.29
	15.17
	15.93
	41.39
	43.76

	
	95%
	68.03
	68.92
	85.30
	89.31
	51.93
	50.30
	74.09
	76.61
	39.18
	36.25
	64.97
	66.48

	
	Mean
	49.13
	50.19
	67.20
	75.65
	31.59
	32.01
	54.57
	58.60
	17.97
	18.05
	42.22
	43.87

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	46.33
	69.40
	15.33
	16.31
	32.11
	43.04
	6.64
	7.07
	17.03
	18.50

	
	50%
	49.81
	49.86
	67.72
	85.75
	31.72
	31.59
	54.79
	64.69
	17.05
	17.03
	41.68
	46.65

	
	95%
	68.41
	67.98
	84.20
	102.01
	51.20
	50.49
	73.62
	86.37
	37.05
	36.48
	64.54
	73.88

	
	Mean
	49.32
	49.48
	66.75
	85.92
	31.96
	32.05
	54.03
	65.47
	18.84
	18.83
	41.80
	47.90

	𝜌DL
	1.00
	0.99
	0.99
	1.00
	0.94
	0.93
	0.99
	1.00
	0.85
	0.87
	0.99
	1.00

	𝜌UL
	1.00
	0.99
	1.00
	1.00
	0.98
	0.98
	1.00
	0.99
	0.98
	0.97
	1.00
	0.98

	BODL
	0.2
	0.20
	0.09
	0.08
	0.4
	0.41
	0.18
	0.17
	0.6
	0.63
	0.29
	0.28

	BOUL
	0.19
	0.19
	0.09
	0.09
	0.38
	0.39
	0.18
	0.21
	0.58
	0.60
	0.27
	0.36

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


2.2.2 Self-scheduling UL with grant delay x = 1
	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%
	29.80
	32.39
	50.06
	60.56
	15.56
	17.37
	33.33
	39.12
	6.60
	7.37
	16.50
	19.73

	
	50%
	49.51
	50.28
	68.30
	77.02
	30.62
	31.34
	55.23
	59.40
	15.17
	15.93
	43.58
	44.63

	
	95%
	68.03
	68.92
	84.83
	90.90
	51.93
	50.30
	74.99
	77.83
	39.18
	36.25
	66.25
	67.12

	
	Mean
	49.13
	50.19
	68.03
	76.18
	31.59
	32.01
	55.20
	58.76
	17.97
	18.05
	43.71
	44.39

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	47.47
	55.19
	15.33
	16.31
	32.35
	33.26
	6.64
	7.07
	16.24
	14.19

	
	50%
	49.81
	49.86
	66.60
	69.24
	31.72
	31.59
	54.40
	51.66
	17.05
	17.03
	43.48
	37.67

	
	95%
	68.41
	67.98
	85.74
	82.98
	51.20
	50.49
	75.27
	67.89
	37.05
	36.48
	66.60
	57.56

	
	Mean
	49.32
	49.48
	66.29
	69.41
	31.96
	32.05
	53.95
	51.81
	18.84
	18.83
	43.00
	37.85

	𝜌DL
	1.00
	0.99
	1.00
	1.00
	0.94
	0.93
	1.00
	1.00
	0.85
	0.87
	0.99
	1.00

	𝜌UL
	1.00
	0.99
	1.00
	0.99
	0.98
	0.98
	1.00
	0.99
	0.98
	0.97
	0.99
	0.97

	BODL
	0.2
	0.20
	0.09
	0.08
	0.4
	0.41
	0.18
	0.17
	0.6
	0.63
	0.28
	0.28

	BOUL
	0.19
	0.19
	0.09
	0.11
	0.38
	0.39
	0.17
	0.25
	0.58
	0.60
	0.26
	0.41

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


2.2.3 Self-scheduling UL with grant delay x = 2
	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%
	29.80
	32.39
	50.62
	61.12
	15.56
	17.37
	34.25
	38.54
	6.60
	7.37
	15.93
	18.89

	
	50%
	49.51
	50.28
	67.80
	77.07
	30.62
	31.34
	55.47
	59.58
	15.17
	15.93
	43.79
	44.87

	
	95%
	68.03
	68.92
	85.04
	90.30
	51.93
	50.30
	75.08
	75.33
	39.18
	36.25
	67.05
	64.13

	
	Mean
	49.13
	50.19
	67.88
	76.66
	31.59
	32.01
	55.06
	58.66
	17.97
	18.05
	42.83
	43.67

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	50.66
	47.88
	15.33
	16.31
	34.35
	29.63
	6.64
	7.07
	17.03
	12.58

	
	50%
	49.81
	49.86
	68.37
	61.04
	31.72
	31.59
	55.48
	45.16
	17.05
	17.03
	42.88
	32.35

	
	95%
	68.41
	67.98
	85.65
	73.29
	51.20
	50.49
	74.92
	61.19
	37.05
	36.48
	66.86
	51.39

	
	Mean
	49.32
	49.48
	68.00
	60.65
	31.96
	32.05
	55.20
	45.20
	18.84
	18.83
	43.12
	32.52

	𝜌DL
	1.00
	0.99
	0.99
	1.00
	0.94
	0.93
	0.99
	1.00
	0.85
	0.87
	0.98
	1.00

	𝜌UL
	1.00
	0.99
	1.00
	0.99
	0.98
	0.98
	1.00
	0.98
	0.98
	0.97
	1.00
	0.98

	BODL
	0.2
	0.20
	0.09
	0.08
	0.4
	0.41
	0.18
	0.18
	0.6
	0.63
	0.28
	0.29

	BOUL
	0.19
	0.19
	0.08
	0.12
	0.38
	0.39
	0.17
	0.27
	0.58
	0.60
	0.27
	0.44

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


2.2.4 Self-scheduling UL with grant delay x = 3
	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%
	29.80
	32.39
	51.63
	61.97
	15.56
	17.37
	35.61
	39.74
	6.60
	7.37
	18.08
	19.95

	
	50%
	49.51
	50.28
	68.75
	76.00
	30.62
	31.34
	55.51
	57.96
	15.17
	15.93
	43.68
	43.28

	
	95%
	68.03
	68.92
	86.26
	90.24
	51.93
	50.30
	75.80
	76.47
	39.18
	36.25
	67.56
	66.32

	
	Mean
	49.13
	50.19
	68.69
	76.10
	31.59
	32.01
	55.72
	58.32
	17.97
	18.05
	44.29
	43.74

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	49.23
	42.89
	15.33
	16.31
	33.01
	26.48
	6.64
	7.07
	17.17
	11.33

	
	50%
	49.81
	49.86
	67.96
	53.41
	31.72
	31.59
	55.92
	40.00
	17.05
	17.03
	45.36
	29.28

	
	95%
	68.41
	67.98
	85.58
	63.64
	51.20
	50.49
	76.12
	53.97
	37.05
	36.48
	68.93
	46.95

	
	Mean
	49.32
	49.48
	68.13
	53.35
	31.96
	32.05
	55.70
	40.01
	18.84
	18.83
	44.47
	29.11

	𝜌DL
	1.00
	0.99
	1.00
	1.00
	0.94
	0.93
	1.00
	1.00
	0.85
	0.87
	1.00
	1.00

	𝜌UL
	1.00
	0.99
	1.00
	1.00
	0.98
	0.98
	1.00
	0.99
	0.98
	0.97
	1.00
	0.97

	BODL
	0.2
	0.20
	0.09
	0.08
	0.4
	0.41
	0.17
	0.17
	0.6
	0.63
	0.27
	0.28

	BOUL
	0.19
	0.19
	0.08
	0.13
	0.38
	0.39
	0.16
	0.28
	0.58
	0.60
	0.25
	0.44

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


2.2.5 Self-scheduling UL with grant delay x = 4
	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%
	29.80
	32.39
	49.46
	60.40
	15.56
	17.37
	33.77
	37.75
	6.60
	7.37
	17.46
	19.23

	
	50%
	49.51
	50.28
	67.66
	75.32
	30.62
	31.34
	54.82
	56.73
	15.17
	15.93
	42.48
	41.25

	
	95%
	68.03
	68.92
	84.39
	88.58
	51.93
	50.30
	74.65
	74.76
	39.18
	36.25
	68.02
	64.92

	
	Mean
	49.13
	50.19
	67.85
	75.11
	31.59
	32.01
	55.01
	56.68
	17.97
	18.05
	43.11
	41.80

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	47.63
	37.23
	15.33
	16.31
	32.39
	22.54
	6.64
	7.07
	17.18
	9.78

	
	50%
	49.81
	49.86
	68.26
	47.58
	31.72
	31.59
	54.83
	34.85
	17.05
	17.03
	42.38
	24.38

	
	95%
	68.41
	67.98
	85.70
	57.70
	51.20
	50.49
	74.98
	48.69
	37.05
	36.48
	68.01
	42.08

	
	Mean
	49.32
	49.48
	67.70
	47.35
	31.96
	32.05
	54.44
	34.99
	18.84
	18.83
	42.80
	25.02

	𝜌DL
	1.00
	0.99
	1.00
	1.00
	0.94
	0.93
	1.00
	1.00
	0.85
	0.87
	1.00
	1.00

	𝜌UL
	1.00
	0.99
	1.00
	1.00
	0.98
	0.98
	1.00
	0.99
	0.98
	0.97
	1.00
	0.98

	BODL
	0.2
	0.20
	0.09
	0.08
	0.4
	0.41
	0.18
	0.18
	0.6
	0.63
	0.28
	0.29

	BOUL
	0.19
	0.19
	0.09
	0.14
	0.38
	0.39
	0.17
	0.30
	0.58
	0.60
	0.27
	0.47

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


2.2.6 Summary of Self-scheduling UL

In the figures below, we summarize the UL performance with different UL grant delay. As can be seen therein, the UL UPT degrades significantly as the UL grant delay increases, which creates larger gaps for competing Wi-Fi nodes or LAA eNBs to occupy the medium. 
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Figure. 2.2.6-1 5%ile UPT
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Figure. 2.2.6-2 50%ile UPT
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Figure. 2.2.6-3 95%ile UPT
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Figure. 2.2.6-4 mean UPT

Observation 1: The LAA operator can fairly coexist with the Wi-Fi operator when UL is self-scheduled with all cases of evaluated UL grant delay. In fact, the Wi-Fi operator has performance gain after the other operator switches to LAA.
Observation 2: The UL grant delay can significantly degrade the LAA UL performance.

2.2.6 Cross-carrier scheduling

In the following, we report the results when the LAA UL is cross-carrier scheduled. As can be seen therein, the degradation in LAA UL performance is considerably alleviated without creating unnecessary idle gap after eCCA.
	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%
	29.80
	32.39
	36.42
	59.26
	15.56
	17.37
	16.96
	26.40
	6.60
	7.37
	7.19
	12.28

	
	50%
	49.51
	50.28
	62.02
	95.25
	30.62
	31.34
	42.58
	69.71
	15.17
	15.93
	24.21
	45.57

	
	95%
	68.03
	68.92
	81.35
	113.30
	51.93
	50.30
	69.22
	98.39
	39.18
	36.25
	59.60
	87.87

	
	Mean
	49.13
	50.19
	61.29
	93.17
	31.59
	32.01
	43.57
	68.71
	17.97
	18.05
	28.58
	48.33

	UL:

UPT CDF

[Mbps]
	5%
	30.27
	31.32
	34.34
	58.99
	15.33
	16.31
	16.94
	27.68
	6.64
	7.07
	7.31
	11.82

	
	50%
	49.81
	49.86
	62.25
	92.35
	31.72
	31.59
	42.99
	64.67
	17.05
	17.03
	24.06
	38.18

	
	95%
	68.41
	67.98
	80.85
	109.61
	51.20
	50.49
	68.86
	94.04
	37.05
	36.48
	59.25
	81.22

	
	Mean
	49.32
	49.48
	61.25
	89.87
	31.96
	32.05
	43.93
	64.01
	18.84
	18.83
	28.87
	42.10

	𝜌DL
	1.00
	0.99
	1.00
	1.00
	0.94
	0.93
	0.95
	1.00
	0.85
	0.87
	0.89
	0.99

	𝜌UL
	1.00
	0.99
	1.00
	1.00
	0.98
	0.98
	0.99
	0.98
	0.98
	0.97
	0.97
	0.96

	BODL
	0.2
	0.20
	0.13
	0.08
	0.4
	0.41
	0.30
	0.19
	0.6
	0.63
	0.50
	0.32

	BOUL
	0.19
	0.19
	0.12
	0.09
	0.38
	0.39
	0.29
	0.23
	0.58
	0.60
	0.47
	0.39

	𝜆
	1.30 Mbps
	1.64 Mbps
	1.85 Mbps


Observation 3: The LAA operator can fairly coexist with the Wi-Fi operator when UL is cross-carrier scheduled. In fact, the Wi-Fi operator has performance gain after the other operator switches to LAA.

Observation 4: The cross-carrier scheduling can effectively alleviate the performance degradation in the LAA UL, compared to the self-scheduling scheme.

Proposal 1: The cross-carrier scheduled UL should at least be supported for LAA.
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Conclusions
Observation 1: The LAA operator can fairly coexist with the Wi-Fi operator when UL is self-scheduled with all cases of evaluated UL grant delay. In fact, the Wi-Fi operator has performance gain after the other operator switches to LAA.

Observation 2: The UL grant delay can significantly degrades the LAA UL performance.

Observation 3: The LAA operator can fairly coexist with the Wi-Fi operator when UL is cross-carrier scheduled. In fact, the Wi-Fi operator has performance gain after the other operator switches to LAA.

Observation 4: The cross-carrier scheduling can effectively alleviate the performance degradation in the LAA UL, compared to the self-scheduling scheme.

Proposal 1: The cross-carrier scheduled UL should at least be supported for LAA.
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