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Discussion and Decision
1 Introduction

This contribution analyses LAA-Wi-Fi coexistence when LAA has DL-only FTP while Wi-Fi has both DL-only FTP and Voice. Simulation data for both LAA and Wi-Fi are presented. The following CCA schemes are examined for co-existence:
1. LAA uses fixed and truncated exponential contention windows and variations thereof.
2. LAA uses CCA with Energy Detection only: We focus on the behaviour of both Wi-Fi FTP UPT and Voice when LAA uses an ED-only CCA.  Multiple LAA ED thresholds of -62dBm, -72dBm, -77dBm and -82 dBm are considered. In all cases Wi-Fi uses an ED threshold of -62dBm. The co-existence performance is compared with 2 baselines:
a. Wi-Fi + Wi-Fi

b. LAA + Wi-Fi where LAA uses CCA-ED at -62dBm and CCA-CS at -82dBm.  

For both the cases we follow the 3GPP Indoor configuration in [1]. Simulations are provided for high/medium/low buffer occupancy. In addition to the configurations in [1] we assume the following: 

· Wi-Fi: 2x2 MIMO, beamforming, closed loop link adaptation and Short Guard Interval.
The detailed simulation parameters can be found in our companion contribution [3]. 

2 Discussion
2.1 Channel access/backoff mechanisms and variations

While it has been agreed in 3GPP that LAA must perform LBT before any transmission, the actual scheme is yet undecided. ETSI provides some regulations for unlicensed spectrum access.

The latest version of ETSI BRAN regulations [2]  provide for 2 LBT options for non-Wi-Fi users of the unlicensed spectrum. They are described briefly as follows:

· Option A:

· Initial CCA : 18 us

· Extended CCA: Backoff of N idle slots of 18 us each where N is selected randomly between 1 and q. q is initialized to 16 and doubled every time Extended CCA fails to find N idle slots out of a total of q idle/busy slots where a busy slot occupies a variable length of time between any 2 non-contiguous idle slots. q is reset to 16 if it exceeds 1024. N is freshly selected the first time an Extended CCA is performed for a burst and every time q is doubled. 

· Option B: 

· Initial CCA: 20us

· Extended CCA: Backoff of N slots of 20 us each where N is selected randomly between 1 to q. q is a fixed number between 4 and 32. N is freshly selected only the first time an extended CCA is performed for a burst.

In the simulation results below (Tables 1, 2 and 3), we demonstrate that the above two options in their current form are not sufficient for fair coexistence of LAA with Wi-Fi. They cause LAA to impact both FTP and VoWi-Fi performances in terms of all the parameters in consideration (delay CDFs of Voice and FTP, and UTP for FTP) for all loading variations (high/medium/low).

We further explore the modifications necessary to either ETSI Option A and Option B so that the fair co-existence is achieved.
Following are the LAA LBT schemes that have been simulated:

Scheme 1. ETSI BRAN option B (Initial CCA: 20us; ECCA: Random backoff in a fixed Contention window of size 16)

Scheme 2. Variation of ETSI BRAN option B (Initial CCA: 43 us; ECCA: 43 us + Random backoff in a fixed Contention  of size 13)

Scheme 3. ETSI BRAN option A (Initial CCA: 18 us; ECCA: Random backoff in exponentially increasing contention window)

Scheme 4. Variation of ETSI BRAN option A (Initial CCA: 45 us; ECCA: 45us + remaining part of Random backoff in exponentially increasing contention window)

From the simulation results, the necessary features of any LAA LBT scheme are identified as:

a. Initial CCA: A sufficient fixed CCA time (~ 43 us) or initial defer time that is compatible with Wi-Fi Best Effort AC. 
b. Extended CCA: A random backoff in an exponentially increasing contention window. The random backoff should be prefixed with a fixed duration CCA (~ 43 us) every time the ECCA is resumed.
These features are required to provide comparable transmission opportunities to Best Effort FTP data for both LAA and Wi-Fi.
However, these features are still not sufficient to ensure fair co-existence with Wi-Fi in terms of UPT and Vo-Wi-Fi performance. We explore lowering the LAA ED threshold to further improve the UPT and Vo-Wi-Fi performance.  

The performance with reduced LAA ED thresholds is shown in section 2.2
2.1.1 Simulation Results and Analysis
Tables 1, 2 and 3 below show the coexistence performance of LAA LBT schemes 1 to 4 along with the Wi-Fi + Wi-Fi baseline.
Table 1: Wi-Fi LAA co-existence with LAA LBT schemes 1 to 4 for high load
	Reported parameters
	High load (BO range for Wi-Fi in Step 1: above 55%)

	
	Wi-Fi + WiFi
	ETSI BRAN Option B
	Variation of ETSI BRAN Option B
	ETSI BRAN Option A
	Variation of ETSI BRAN Option A

	
	Baseline
	
Initial CCA: 20us
ECCA: Random backoff in a fixed CW
	
Initial CCA: 43 us. 
ECCA: 43 us + Random backoff in a fixed CW
	
Initial CCA:  18 us 
ECCA: Random backoff in exp CW
	
Initial CCA: 45 us
ECCA: 45us + random backoff in exp CW

	
	
	
	
	
	

	
	Wi-Fi in Step 1
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2

	UPT CDF [Mbps]
	5%
	0.59
	0.192
	1.148
	0.29
	0.89
	0.08
	0.30
	0.06
	0.34

	
	50%
	7.80
	2.905
	18.737
	3.89
	16.73
	3.61
	9.20
	8.65
	3.48

	
	95%
	45.09
	25.263
	41.913
	29.40
	37.81
	26.15
	32.72
	37.46
	26.59

	
	Mean
	14.12
	7.796
	20.304
	9.16
	17.80
	7.52
	12.49
	12.83
	8.34

	Delay CDF [s]
	5%
	0.22
	0.336
	0.145
	0.23
	0.18
	0.60
	0.26
	0.48
	0.43

	
	50%
	0.97
	1.381
	0.424
	1.26
	0.49
	1.83
	0.81
	1.45
	1.36

	
	95%
	2.01
	3.018
	0.841
	2.59
	0.97
	3.70
	1.51
	2.56
	2.80

	
	Mean
	1.02
	1.514
	0.449
	1.30
	0.53
	2.02
	0.84
	1.47
	1.44

	VoIP outage (%)
	30.00
	70.000
	N/A
	60.00
	N/A
	80.00
	N/A
	70.00
	N/A

	98 %ile VoIP latency (ms)
	40.47
	352.437
	N/A
	178.18
	N/A
	537.94
	N/A
	327.81
	N/A

	𝜌
	0.83
	0.729
	0.976
	0.75
	0.95
	0.70
	0.89
	0.79
	0.77

	BO
	0.70
	0.815
	0.565
	0.78
	0.60
	0.81
	0.71
	0.75
	0.81

	𝜆
	1.11


Table 2: Wi-Fi LAA co-existence with LAA LBT schemes 1 to 4 for medium load
	Reported parameters
	Medium load (BO range for Wi-Fi in Step 1:35% - 50%)

	
	Wi-Fi + WiFi
	ETSI BRAN Option B
	Variation of ETSI BRAN Option B
	ETSI BRAN Option A
	Variation of ETSI BRAN Option A

	
	Baseline
	
Initial CCA: 20us
ECCA: Random backoff in a fixed CW
	
Initial CCA: 43 us. 
ECCA: 43 us + Random backoff in a fixed CW
	
Initial CCA:  18 us 
ECCA: Random backoff in exp CW
	
Initial CCA: 45 us 
ECCA: 45us + random backoff in exp CW

	
	
	
	
	
	

	
	Wi-Fi in Step 1
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2

	UPT CDF [Mbps]
	5%
	3.37
	0.643
	14.516
	0.27
	6.68
	0.08
	0.68
	0.09
	0.14

	
	50%
	29.29
	14.084
	26.692
	12.63
	23.93
	11.18
	16.29
	19.69
	14.06

	
	95%
	66.62
	41.421
	53.077
	39.88
	60.02
	34.98
	42.92
	52.79
	39.31

	
	Mean
	32.12
	17.967
	30.367
	18.08
	25.60
	13.81
	18.29
	22.75
	15.96

	Delay CDF [s]
	5%
	0.04
	0.152
	0.017
	0.12
	0.02
	0.43
	0.16
	0.35
	0.23

	
	50%
	0.25
	0.680
	0.096
	0.75
	0.21
	1.45
	0.65
	0.92
	0.86

	
	95%
	0.82
	1.669
	0.337
	1.64
	0.62
	2.53
	1.18
	1.79
	1.93

	
	Mean
	0.31
	0.769
	0.123
	0.80
	0.25
	1.45
	0.66
	0.98
	0.96

	VoIP outage (%)
	10.00
	60.000
	N/A
	50.00
	N/A
	80.00
	N/A
	80.00
	N/A

	98 %ile VoIP latency (ms)
	25.21
	211.877
	N/A
	166.87
	N/A
	314.61
	N/A
	188.07
	N/A

	𝜌
	0.97
	0.944
	0.988
	0.92
	1.00
	0.81
	0.93
	0.84
	0.88

	BO
	0.45
	0.606
	0.372
	0.60
	0.44
	0.69
	0.56
	0.59
	0.65

	𝜆
	0.9


Table 3: Wi-Fi LAA co-existence with LAA LBT schemes 1 to 4 for low load
	Reported parameters
	Low load (BO range for Wi-Fi in Step 1: 10% - 25%)

	
	Wi-Fi + WiFi 
	ETSI BRAN Option B
	Variation of ETSI BRAN Option B
	ETSI BRAN Option A
	Variation of ETSI BRAN Option A

	
	Baseline
	
Initial CCA: 20us
ECCA: Random backoff in a fixed CW
	
Initial CCA: 43 us. 
ECCA: 43 us + Random backoff in a fixed CW
	
Initial CCA:  18 us 
ECCA: Random backoff in exp CW
	
Initial CCA: 45 us 
ECCA: 45us + random backoff in exp CW

	
	
	
	
	
	

	
	Wi-Fi in Step 1
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2
	Wi-Fi in Step 2
	LAA in Step 2

	UPT CDF [Mbps]
	5%
	11.66
	16.464
	28.796
	18.62
	28.50
	5.95
	19.25
	7.55
	12.50

	
	50%
	61.44
	56.493
	63.414
	55.44
	61.63
	42.96
	47.61
	48.80
	52.44

	
	95%
	111.99
	106.545
	100.631
	107.54
	94.71
	90.41
	85.40
	110.68
	86.82

	
	Mean
	64.31
	58.714
	63.815
	59.60
	61.00
	46.53
	50.85
	55.94
	51.19

	Delay CDF [s]
	5%
	0.01
	0.008
	0.007
	0.01
	0.01
	0.01
	0.01
	0.02
	0.01

	
	50%
	0.05
	0.054
	0.041
	0.05
	0.04
	0.13
	0.07
	0.09
	0.09

	
	95%
	0.19
	0.249
	0.138
	0.23
	0.15
	0.44
	0.24
	0.32
	0.32

	
	Mean
	0.07
	0.082
	0.052
	0.08
	0.06
	0.17
	0.09
	0.12
	0.11

	VoIP outage (%)
	0.00
	30.000
	N/A
	10.00
	N/A
	50.00
	N/A
	30.00
	N/A

	98 %ile VoIP latency (ms)
	13.62
	30.573
	N/A
	23.14
	N/A
	56.04
	N/A
	35.74
	N/A

	𝜌
	1.00
	0.994
	0.994
	1.00
	0.99
	0.99
	1.00
	0.99
	1.00

	BO
	0.18
	0.207
	0.160
	0.19
	0.17
	0.31
	0.22
	0.26
	0.25

	𝜆
	0.636


The above data clearly show that ETSI option A and B if used in their current forms by LAA are not conducive to fair-coexistence with Wi-Fi in terms of both Voice and FTP data performance and for all loading conditions. 
Observation 1: LAA cannot use the current ETSI options A and B as they do not ensure fair co-existence with Wi-Fi.
The following are required for fair LAA-Wi-Fi coexistence:

a. Initial CCA: A sufficient fixed CCA time (~ 43 us) or initial defer time that is compatible with Wi-Fi Best Effort AC. 
b. Extended CCA: A random backoff in an exponentially increasing contention window. The random backoff needs to be prefixed with a fixed duration CCA (~43 us) every time the ECCA is resumed. 

These features are required to provide comparable transmission opportunities to Best Effort FTP data for both LAA and Wi-Fi. These features can improve the ETSI options A and B coexistence performance for Wi-Fi in terms of UPT. However, the Wi-Fi coexistence performance of both option A variation & option B variation is still worse than the Wi-Fi baseline.
Conclusion 1: For Initial CCA, a sufficient fixed CCA time (~ 43 us) or initial defer time that is compatible with Wi-Fi Best Effort AC is necessary. 
Conclusion 2: For Extended CCA, a random backoff in an exponentially increasing contention window is necessary. The random backoff should be prefixed with a fixed duration CCA (~ 43 us) every time the ECCA is resumed. 
Observation 2: Increased fixed CCA and exponential backoff are not sufficient to ensure fair co-existence with Wi-Fi in terms of both UPT and Vo-Wi-Fi performance 
2.2 LAA-Wi-Fi coexistence when LAA uses ED-only CCA
We focus on the behaviour of both Wi-Fi FTP UPT and Vo-Wi-Fi when LAA uses an ED-only CCA.  Multiple LAA ED thresholds of -62dBm, -72dBm, -77dBm and -82 dBm are considered. In all cases, Wi-Fi uses an ED threshold of -62dBm. The co-existence performance is compared with 2 baselines:

a. Wi-Fi + Wi-Fi

b. LAA + Wi-Fi where LAA uses CCA-ED at -62dBm and CCA-CS at -82dBm.  

For baseline b, LAA nodes can transmit and receive the Wi-Fi preamble to do CCA-CS at -82dBm. The channel access/backoff scheme used by LAA is the scheme 2 described in Section 2.1:

Scheme 2. Variation of ETSI BRAN option B (Initial CCA: 43 us; ECCA: 43 us + Random backoff in a fixed Contention  of size 13)

2.2.1 Simulation Results and Analysis

The following three tables specify the 3GPP agreed metrics for High/Medium/Low loads. 
Table 7: Wi-Fi LAA co-existence with varying ED thresholds for High Load 
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Table 8: Wi-Fi LAA co-existence with varying ED thresholds for Medium Load 
[image: image2.png]Medium load (BO range for Wi-Fi in Step 1: 35% - 50%)
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Table 9: Wi-Fi LAA co-existence with varying ED thresholds for Low Load 
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The following observations can be made from the above table data:

UPT

· LAA doing only CCA-ED at -62dBm or -72dBm hurts Wi-Fi UPT vis-à-vis the Wi-Fi + Wi-Fi configuration.

· Wi-Fi UPT improves monotonically with a lowering of LAA ED threshold. 

·  However LAA UPT is reduced, mainly for the high loading case, when LAA ED threshold is lowered to -77dBm or -82dBm.

· The best LAA-Wi-Fi coexistence is achieved when LAA does CCA-ED at -62dBm and CCA-CS (Wi-Fi preamble detection) at -82dBm.

The observations can be verified from the Mean UPT graph for LAA and Wi-Fi for the high load scenario.
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Mean FTP Delay

· LAA doing only CCA-ED at -62dBm increases Wi-Fi FTP delay vis-à-vis the Wi-Fi + Wi-Fi configuration.

· Wi-Fi FTP delay reduces monotonically and LAA FTP delay increases monotonically with a lowering of LAA ED threshold. 

The observations can be verified from the Mean UPT graph for LAA and Wi-Fi for the high load scenario.
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98 Percentile Vo-Wi-Fi Delay
· Vo-Wi-Fi 98%ile delay reduces monotonically with a lowering of LAA ED threshold. 

· LAA doing only CCA-ED at -62dBm or -72dBm hurts Vo-Wi-Fi 98%ile delay vis-à-vis the Wi-Fi + Wi-Fi configuration.

· LAA doing CCA-ED at -77dBm or -82dBm or both CCA-ED at -62dBm and CCA-CS at -82dBm achieves Vo-Wi-Fi coexistence that is comparable to the Wi-Fi + Wi-Fi configuration. 

The observations can be verified from the Vo-Wi-Fi 98%ile delay graph for the high load scenario.
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Vo-Wi-Fi Outage Percentage
· Vo-Wi-Fi outage percentage reduces monotonically with a lowering of LAA ED threshold. 

· LAA doing only CCA-ED at -62dBm, -72dBm and -77dBm increases Vo-Wi-Fi outage vis-à-vis the Wi-Fi+Wi-Fi configuration.

· LAA doing CCA-ED at -82dBm or both CCA-ED at -62dBm and CCA-CS at -82dBm achieves Vo-Wi-Fi outage comparable to the Wi-Fi+Wi-Fi configuration. 

· The observations can be verified from the Vo-Wi-Fi outage for the high load scenario.
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Observation 3: LAA doing only CCA-ED at a detection threshold of -62dBm is not able to ensure fair co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay.
Observation 4: LAA doing CCA-ED at a detection threshold of -62dBm and CCA-CS (Wi-Fi preamble detection/transmission) at a threshold of -82dBm achieves good co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay and also the UPT of both LAA and Wi-Fi FTP traffic.
Conclusion 3: LAA can achieve fair co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay by lowering the ED threshold at -82dBm or by performing CCA-CS at a threshold of -82 dBm in addition to ED at a threshold of -62dBm. 

Conclusion 4: It is beneficial to both Wi-Fi and LAA if LAA performs CCA-ED at a detection threshold of -62dBm and CCA-PD at a threshold of -82dBm. Hence, usage of CCA-CS (Wi-Fi preamble detection/transmission) by LAA is advisable.
3 Conclusions
Observation 1: LAA cannot use the current ETSI options A and B as they do not ensure fair co-existence with Wi-Fi.
Conclusion 1: For Initial CCA, a sufficient fixed CCA time (~ 43 us) or initial defer time that is compatible with Wi-Fi Best Effort AC is necessary. 

Conclusion 2: For Extended CCA, a random backoff in an exponentially increasing contention window is necessary. The random backoff should be prefixed with a fixed duration CCA every time the ECCA is resumed. 
Observation 2: Increased fixed CCA and exponential backoff are not sufficient to ensure fair co-existence with Wi-Fi in terms of both UPT and Vo-Wi-Fi performance.
Observation 3: LAA doing only CCA-ED at a detection threshold of -62dBm is not able to ensure fair co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay.

Observation 4: LAA doing CCA-ED at a detection threshold of -62dBm and CCA-CS (Wi-Fi preamble detection/transmission) at a threshold of -82dBm achieves good co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay and also the UPT of both LAA and Wi-Fi FTP traffic.
Conclusion 3: LAA can achieve fair co-existence with Wi-Fi in terms of Vo-Wi-Fi outage percentage and 98 percentile delay by lowering the ED threshold at -82dBm or by performing CCA-CS at a threshold of -82 dBm in addition to ED at a threshold of -62dBm. 

Conclusion 4: It is beneficial to both Wi-Fi and LAA if LAA performs CCA-ED at a detection threshold of -62dBm and CCA-PD at a threshold of -82dBm. Hence, usage of CCA-CS (Wi-Fi preamble detection/transmission) by LAA is advisable.
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