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Discussion and Decision
1. Introduction
One of the important objectives of LAA SI is to evaluate coexistence among LAA operators as well as the coexistence between LAA and other systems typically present in 5GHz unlicensed band, in particular Wi-Fi. This has been formulated in the SID [1] in the following way:

Identify and evaluate physical layer options and enhancements to LTE to meet the requirements and targets for unlicensed spectrum deployments identified in the previous bullet, including consideration of the methods to address the co-existence aspects on unlicensed bands with other LTE operators and other typical use of the band [RAN1].

In the quote above, previous bullet refers to the fact that LAA should not impact Wi-Fi performance more than an additional Wi-Fi network on the same carrier. Basic metrics that shall measure the impact are user perceived throughput and packet latency.

In addition, the following agreements have been made in RAN1#80 [2]:

· 256 QAM is mandatory for all cases

· LDPC codes should be used in the simulations for all cases for the WiFi network

In this contribution we present coexistence results between LAA and Wi-Fi, as well as among LAA operators, when operating LAA using Load Based Equipment (LBE) type of listen-before-talk (LBT) operation.
2. General assumptions 
In this contribution we simulated the indoor scenario in [2], layout alternative 1, where nodes (eNBs or Wi-Fi APs) are deployed according to following figure:
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Figure 1. Layout of the simulated scenario.
We use parameter values X=4 and Y=1, which means there are 4 nodes (eNBs or APs) per operator in the scenario and all of these nodes operate in the same channel. From coexistence perspective this is the worst case scenario, especially in such an indoor layout where all eNBs/APs can detect each other’s transmissions during LBT procedure.

The UEs are dropped such that each operator serves 10 UEs during one simulation run, according to agreement in [3]. The UEs are distributed uniformly within the scenario, constrained by a minimum inter-node distance of 3m, as dictated by the propagation models.

We assume that control feedback of LAA is transmitted on licensed band (i.e. PCell), but no user data (i.e. PDSCH) is transmitted on the licensed band carrier in case a UE is configured with LAA. Therefore, the served downlink user traffic in the comparison is served on unlicensed band only either by LAA or Wi-Fi networks, resulting in a fair direct comparison between these two unlicensed band technologies. In addition, Wi-Fi terminals send their ACK/NACK bursts in the uplink direction.

Those eNBs belonging to the same operator are assumed to be time synchronized; whereas the LAA eNBs of different operators are assumed to be synchronized only at symbol level, but with different subframe alignment (asynchronous operation between different LAA operators). 

Further simulation assumptions are described in Appendix A.
3. LBT functionality used for LAA
In this contribution we mainly assume LAA to work as a Load Based Equipment (LBE) as defined in Section 4.9.2.1 of [3]. This corresponds to LBT category 3 as defined in [2]. 
In LBE channel access transmissions are not constrained by any periodicity and can start at any time. A node in idle state performs clear channel assessment (CCA, at least 20μs long) before it can transmit. If channel is idle, the node can transmit for up to 13/32*q ms, where q is a parameter within 4-32 range. However if the channel is busy, the node enters extended CCA (eCCA).
In eCCA, a node selects a random number N within 1-q range. It then starts listening to the channel with CCA slot granularity (at least 20μs per slot). For each slot, when the medium is idle, N is decreased by one. When the medium is busy nothing happens, and the node continues to listen. Once counter N reaches zero, the node is allowed to transmit for up to 13/32*q ms.

Once a transmission ends and a node still has data to transmit, it has to perform eCCA procedure again, with a new N. Hence, eCCA corresponds to random back-off in Wi-Fi, except that the back-off window is constant.
Our LBE LAA implementation allows the transmissions to start at any LTE OFDM symbol boundary. When eNB performs eCCA, 3 CCA slot measurements are done during one symbol duration. The maximum length of a transmission follows the 13/32*q ms requirement, but is rounded down to the closest symbol boundary. It should be noted that in practice the actual channel occupancy time can be set to an arbitrary value lower than the maximum defined by the specifications, but this is not considered in the simulations presented here.
We assume that user data is present in every symbol, except for PDCCH symbols that are located in the beginning of a subframe. 
4. Results and discussion
In this section we will present our main results. The metrics are user perceived throughput (UPT) and packet delay. 

4.1 LBE with q = 9
Table 1: Coexistence results between Wi-Fi and LBE LAA with q = 9
	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%
	7.06
	5.63
	15.57
	0.84
	0.00
	6.74
	0.00
	0.00
	3.18

	
	
	50%
	30.71
	32.92
	61.87
	8.98
	6.76
	31.34
	2.84
	0.99
	17.92

	
	
	95%
	71.90
	71.88
	107.69
	48.02
	59.18
	102.91
	19.93
	21.14
	60.51

	
	
	Mean
	35.46
	36.68
	64.58
	14.34
	14.10
	37.90
	5.73
	4.46
	23.68

	
	Delay CDF

[s]
	5%
	0.06
	0.06
	0.04
	0.08
	0.07
	0.04
	0.19
	0.18
	0.07

	
	
	50%
	0.13
	0.12
	0.06
	0.43
	0.55
	0.13
	1.24
	3.09
	0.22

	
	
	95%
	0.55
	0.71
	0.26
	3.13
	5.66
	0.59
	8.44
	13.71
	1.26

	
	
	Mean
	0.19
	0.21
	0.09
	0.85
	1.38
	0.20
	2.37
	4.67
	0.39

	
	𝜌
	0.995
	0.995
	0.998
	0.956
	0.890
	0.995
	0.797
	0.532
	0.983

	
	BO
	19.35
	20.45
	11.15
	47.68
	54.99
	24.79
	69.16
	79.14
	41.39

	
	𝜆
	0.6
	0.8
	1.0


Table 2: Coexistence results between two LBE LAA operators with q = 9
	
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

	3
	
UPT CDF
[Mbps]
	5%
	4.79
	5.07
	0.97
	0.89
	0.62
	0.62

	
	
	50%
	56.73
	57.98
	13.06
	12.57
	5.51
	5.83

	
	
	95%
	107.83
	107.82
	106.87
	106.83
	102.12
	101.49

	
	
	Mean
	60.06
	60.50
	30.93
	30.70
	18.65
	18.66

	
	
Delay CDF
[s]
	5%
	0.04
	0.04
	0.04
	0.04
	0.04
	0.04

	
	
	50%
	0.07
	0.07
	0.31
	0.32
	0.72
	0.68

	
	
	95%
	0.83
	0.78
	4.12
	4.47
	6.43
	6.44

	
	
	Mean
	0.20
	0.20
	0.93
	0.97
	1.56
	1.55

	
	𝜌
	0.991
	0.991
	0.909
	0.907
	0.825
	0.819

	
	BO
	16.87
	16.40
	46.01
	44.93
	61.14
	59.51

	
	𝜆
	0.55
	0.55
	0.7
	0.7
	0.8
	0.8


From Table 1 above it is clear that with q=9 LAA LBE has small impact on WiFi for low load situation, while for medium and high loads the WiFi performance suffers more degradation from LAA operation in terms of 5% and median throughputs, while peak data rate of WiFi is slightly increased. 
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Figure 1. Ratio of served versus generated traffic as a function of packet arrival rate with q = 9. W+W denotes two Wi-Fi operators, L+L denotes two LAA operators and W+L denotes the mixed case.
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Figure 2. Throughput CDFs with q = 9 and arrival rate of 0.8packets/s.


Figure 1 shows the behavior of ρ as a function of packet arrival rate, where it is seen that LAA LBE is capable of serving its traffic at least until arrival rate of 1 packet/s, while WiFi network is saturated already at 0.8 packets/s, both in case of coexistence with another WiFi network or with LAA LBE. Figure 2 compares the different coexistence cases under the same arrival rates, where similar behavior as discussed above can be observed as well. 
It should be noted that when LAA network is coexisting only with another LAA network, performance of LAA LBE with q=9 is worse than that of WiFi for 5% and median throughputs with same arrival rate as used in WiFi. It is also significantly worse than the performance of LAA using FBE under the same conditions, as shown in a companion contribution [4], though when coexisting with another WiFi network, the LAA network performs better with LBE and q=9 than with LAA FBE. 
Observation 1: With q=9, LAA LBE leads some performance degradation on WiFi network in 5% and median throughputs, compared to WiFi coexisting with another WiFi network, while peak throughputs of WiFi network is maintained in similar level or improved. Performance of LAA FBE compared to LAA LBE with q=9 is highly dependent on whether it coexists with another LAA network of with WiFi network.
4.2 LBE with q = 24

Table 3: Coexistence results between Wi-Fi and LBE LAA with q = 24
	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

	
	UPT CDF

[Mbps]
	5%
	7.06
	11.37
	22.29
	0.84
	5.37
	14.50
	0.00
	0.19
	8.56

	
	
	50%
	30.71
	41.15
	67.99
	8.98
	23.65
	47.47
	2.84
	6.28
	29.20

	
	
	95%
	71.90
	71.93
	107.84
	48.02
	71.76
	107.25
	19.93
	41.17
	79.43

	
	
	Mean
	35.46
	43.27
	70.25
	14.34
	29.65
	53.62
	5.73
	11.36
	34.38

	
	Delay CDF

[s]
	5%
	0.06
	0.06
	0.04
	0.08
	0.06
	0.04
	0.19
	0.09
	0.05

	
	
	50%
	0.13
	0.10
	0.06
	0.43
	0.17
	0.08
	1.24
	0.60
	0.14

	
	
	95%
	0.55
	0.35
	0.18
	3.13
	0.73
	0.28
	8.44
	3.90
	0.47

	
	
	Mean
	0.19
	0.14
	0.08
	0.85
	0.26
	0.11
	2.37
	1.09
	0.18

	
	𝜌
	0.995
	0.997
	0.998
	0.956
	0.995
	0.997
	0.797
	0.929
	0.996

	
	BO
	19.35
	15.17
	9.52
	47.68
	29.13
	16.60
	69.16
	57.48
	28.48

	
	𝜆
	0.6
	0.8
	1.0


Table 4: Coexistence results between two LBE LAA operators with q = 24
	
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

	
	
UPT CDF
[Mbps]
	5%
	11.30
	10.75
	2.98
	2.81
	0.84
	0.79

	
	
	50%
	54.13
	54.80
	22.91
	23.32
	6.70
	6.41

	
	
	95%
	107.68
	107.68
	106.69
	106.87
	53.48
	55.57

	
	
	Mean
	59.80
	60.07
	35.83
	36.14
	13.71
	13.71

	
	
Delay CDF
[s]
	5%
	0.04
	0.04
	0.04
	0.04
	0.07
	0.07

	
	
	50%
	0.07
	0.07
	0.17
	0.17
	0.60
	0.62

	
	
	95%
	0.35
	0.37
	1.35
	1.43
	4.74
	5.04

	
	
	Mean
	0.12
	0.12
	0.37
	0.40
	1.23
	1.27

	
	𝜌
	0.996
	0.996
	0.984
	0.979
	0.891
	0.877

	
	BO
	17.17
	16.88
	36.82
	36.15
	63.95
	63.49

	
	𝜆
	0.8
	0.8
	1.0
	1.0
	1.2
	1.2


From Tables 3 and 4 it is clear that the coexistence issues observed for q=9 are no longer present for larger value of q. WiFi performance improves for all metrics, indicating that in this configuration LAA LBE is clearly a better neighbor to WiFi network than another WiFi network. The ratio ρ increase from 0.8 to 0.93 for WiFi in high load case in step 2, indicating that WiFi network is no longer saturated when the coexisting WiFi operator is replaced with LAA LBE.
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Figure 3. Ratio of served versus generated traffic as a function of packet arrival rate with q = 24.
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Figure 4. Throughput CDFs with q = 24 and arrival rate of 0.8packets/s.


Figure 3 shows that the ratio ρ is maintained close to 1 in LAA coexistence cases for arrival rates up to 0.8 packets/s, and it is consistently higher than in the WiFi only case. Figure 4 shows that for same arrival rate the WiFi performance in step 2 is improved compared to step 1, which is consistent with the observations above.
4.3 LBE with q = 32
Table 5: Coexistence results between Wi-Fi and LBE LAA with q = 32
	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

	
	UPT CDF

[Mbps]
	5%
	7.06
	11.88
	22.68
	0.84
	5.92
	15.00
	0.00
	0.69
	9.41

	
	
	50%
	30.71
	41.78
	69.21
	8.98
	24.77
	48.18
	2.84
	7.50
	30.63

	
	
	95%
	71.90
	71.93
	107.83
	48.02
	71.78
	107.26
	19.93
	45.80
	88.38

	
	
	Mean
	35.46
	43.85
	71.11
	14.34
	30.68
	54.82
	5.73
	12.87
	36.37

	
	Delay CDF

[s]
	5%
	0.06
	0.06
	0.04
	0.08
	0.06
	0.04
	0.19
	0.08
	0.05

	
	
	50%
	0.13
	0.10
	0.06
	0.43
	0.16
	0.08
	1.24
	0.51
	0.13

	
	
	95%
	0.55
	0.34
	0.18
	3.13
	0.67
	0.27
	8.44
	3.26
	0.42

	
	
	Mean
	0.19
	0.13
	0.08
	0.85
	0.24
	0.11
	2.37
	0.93
	0.17

	
	𝜌
	0.995
	0.997
	0.998
	0.956
	0.995
	0.997
	0.797
	0.944
	0.996

	
	BO
	19.35
	14.85
	9.42
	47.68
	28.09
	16.22
	69.16
	54.64
	27.28

	
	𝜆
	0.6
	0.8
	1.0


Table 6: Coexistence results between two LBE LAA operators with q = 32
	
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

	
	
UPT CDF
[Mbps]
	5%
	14.54
	14.57
	2.54
	2.13
	0.90
	0.88

	
	
	50%
	60.81
	61.21
	14.49
	13.99
	6.34
	6.15

	
	
	95%
	107.67
	107.81
	94.78
	97.32
	36.03
	36.61

	
	
	Mean
	64.49
	64.56
	24.67
	24.53
	10.98
	10.89

	
	
Delay CDF
[s]
	5%
	0.04
	0.04
	0.04
	0.04
	0.11
	0.11

	
	
	50%
	0.07
	0.07
	0.28
	0.29
	0.63
	0.65

	
	
	95%
	0.28
	0.27
	1.58
	1.87
	4.46
	4.56

	
	
	Mean
	0.10
	0.10
	0.47
	0.54
	1.21
	1.24

	
	𝜌
	0.997
	0.997
	0.977
	0.974
	0.905
	0.894

	
	BO
	14.92
	14.75
	48.12
	47.70
	67.43
	67.16

	
	𝜆
	0.8
	0.8
	1.2
	1.2
	1.4
	1.4
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Figure 5. Ratio of served versus generated traffic as a function of packet arrival rate with q = 32
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Figure 6. Throughput CDFs with q = 32 and arrival rate of 0.8packets/s.


For q=32, similar observations can be made from Tables 5, 6 and Figures 5, 6 as for the corresponding tables and figures shown for q=24. It is clear that for this value of parameter q LAA is a better neighbor to WiFi network than another WiFi network.
Observation 2: For q = 24 and q = 32, LAA LBE is a better neighbor to WiFi than another WiFi network for all considered metrics.
5. Summary
In this contribution we have discussed coexistence results between Wi-Fi and LBE LAA in the co-channel indoor scenario.
Based on the discussion we make the following observation:
Observation 1: With q=9, LAA LBE leads some performance degradation on WiFi network in 5% and median throughputs, compared to WiFi coexisting with another WiFi network, while peak throughputs of WiFi network is maintained in similar level or improved. Performance of LAA FBE compared to LAA LBE with q=9 is highly dependent on whether it coexists with another LAA network of with WiFi network.
Observation 2: For q = 24 and q = 32, LAA LBE is a better neighbor to WiFi than another WiFi network for all considered metrics.

Appendix A: Detailed simulation assumptions
General simulation assumptions are summarized in the following table:

	Parameter
	Value

	Propagation model
	ITU InH (Table B.1.2.1-1 in TR36.814)

	Slow fading (shadowing)
	ITU InH [Table A.2.1.1.5-1 in TR36.814)

	Traffic model
	FTP model 3, Packet size 0.5 MB

	LTE traffic
	Downlink (100% users)

	Wi-Fi traffic
	Downlink (100% users), only UL ACK/NACKs modeled

	Number of users per drop
	20 (total), 10 per operator

	User positioning
	Uniform, minimum inter-node distance 3 meters

	User mobility
	Static, fast fading velocity 3 km/h

	UE/STA noise figure
	9 dB

	eNB/AP height
	6 m

	UE/STA height
	1.5 m

	eNB/AP Tx power
	23 dBm (Antenna gain 0 dBi)

	UE/STA Tx power
	18 dBm (Antenna gain 0 dBi)

	Antenna pattern
	Omni-directional

	Simulated bandwidth
	20 MHz unlicensed

	Center frequency
	5 Ghz


Table 2. General simulation assumptions.
Wi-Fi related assumptions are given here:

	Wi-Fi parameter 
	Value 

	Wi-Fi standard 
	IEEE 802.11ac 

	RTS/CTS 
	Disabled 

	Wi-Fi Scanning 
	Optimal (STAs select the best AP always) 

	minCW 
	15 

	maxCW 
	1023 

	AIFSN 
	3 

	TXOP limit 
	4.096 ms 

	Link adaptation 
	Simple ACK/NACK based, error due to collision does not drop MCS 

	AP DL MAC scheduling algorithm 
	Round Robin 

	MPDU/MSDU aggregation 
	Enabled 

	CCA-CS 
	-82 dBm

	CCA-ED 
	-62 dBm

	Antenna configuration 
	1x2 

	MCSs 
	802.11ac MCSs, including 256QAM 


Table 3. Wi-Fi simulation parameters.
Similarly, LAA related parameters are shown here:

	LTE parameter 
	Value 

	Antenna configuration 
	1x2 

	Cell selection measurement quantity 
	RSRP 

	DL scheduler 
	TD: PF, FD: PF 

	HARQ 
	Chase combining 

	LA 
	Enabled 

	OLLA 
	Enabled 

	MCSs 
	QPSK, 16QAM, 64QAM, 256QAM 

	No of control symbols per TTI 
	1

	CCA-ED (LBT threshold) 
	-62 dBm 


Table 4. LAA simulation assumptions.
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