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1. Introduction 
In this contribution, we present Wi-Fi and LAA coexistence evaluation results for the case when Wi-Fi and LAA have both DL and UL traffic. In particular, we focus on self-carrier scheduling, where DL/UL grant(s) is sent over the unlicensed carrier, same as PDSCH/PUSCH transmission(s). 
2. [bookmark: _GoBack]Simulation Assumptions
In this section, detailed simulation assumptions are presented.
2.1. LAA DL LBT
We assume the Cat. 4 LAA DL LBT scheme given in Figure 1 which was agreed as working assumption at RAN1#80Bis. More detailed assumptions are given below. 
· Initial CCA duration and extended CCA defer period (BiCCA & DeCCA): 34 s 
· eCCA slot duration: 9 s
· CCA ED thresholds: -82 dBm
· Dynamic exponential backoff with the CW of [16, 1024]
· If the LAA burst has any TB error, double the CW. If no error in the LAA data burst is observed, reset the CW to 16. 
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Figure 1. The current RAN1 working assumption on Cat. 4 based LAA DL LBT mechanism

2.2. LAA UL scheduling and LBT
We assume LAA UL LBT option 2b, of which details are given [1]. Figure 2 illustrates a series of eNB LBT, PDCCH transmission, PDSCH transmission, UL LBT, and PUSCH transmission. More detailed assumptions are given below. 
· Before sending the UL grant(s), the eNB should perform a regular LBT that is described above.
· The scheduled UE(s) should perform an LBT that is faster than a regular LBT performed by the eNB. 
· Initial CCA duration and extended CCA defer period (BiCCA & DeCCA): 34 s 
· eCCA slot duration: 9 s
· CCA ED thresholds: -62 dBm
· Fixed CW size of 4, i.e., random number N ~ [0, 3]
· To support UL LBT operation, the last OFDM/SC-FDMA symbol of a relevant subframe is punctured. 
· If the eNB does not have DL data to fill up the subframe(s) until the scheduled UL transmission starts, the eNB does not send any reservation signal to continue occupying the medium. In other words, the eNB leave the subframes empty until the scheduled UL transmission starts, unless there is DL data to transmit.
· When a UE is transmitting PUSCH in a subframe and the next subframe is also assigned to the UE, the UE does not perform LBT for the next subframe.
· No multi-user scheduling for a single subframe.



Figure 2. An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission with UL LBT
2.3. Other Simulation Assumptions 
We follow the evaluation assumptions defined in the TR [2]. Further detailed assumptions for LAA and Wi-Fi are given below.
LAA
· Max DL LAA burst length
· 10 msec when there is no UL grant
· 5 msec when there is UL grant.
· Max UL LAA burst length: 5 msec
· Forward and backward partial sub-frames are used (please refer to [3] for more details)
· Unlicensed only (i.e., licensed band is not used for PDSCH/PUSCH transmission)
· Self-carrier scheduling with the control region of 3 OFDM symbols. 
· 2x2 for DL: TM4 with CSI feedback.
· 1x2 for UL: MCS adaptation based on SRS
Wi-Fi 
· DL: 2x2 CL MIMO or OL MIMO (spatial multiplexing) 
· UL: 1x2 OL link adaptation
· RTS/CTS: Not applied.
· Long GI of 800ns is used if OL-MIMO is considered in the rate adaptation for downlink.  Short GI of 400ns is used for each WiFi OFDM symbol if CL-MIMO is considered in the rate adaptation for downlink. Uplink uses same GI length as that of downlink. 
Other Assumptions
· Scenario: Wi-Fi + LAA
· Indoor, 1 channel 
· 20 UEs/operator
· Traffic model: FTP
· Independent traffic generation on the DL and UL for both WiFi and LAA for FTP traffic model
· Each UE has the same UL/DL traffic arrival rate ratio, 50%:50% 


3. Simulation Results: Coexistence of Wi-Fi and LAA
Table 1: Co-existence of DL+UL Wi-Fi and DL+UL LAA (Indoor, one unlicensed carrier, FTP traffic)
	
Reported parameters
	Low load
BO range for Wi-Fi Opt.B in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. B in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.B  in Step 1: above 55%

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

	DL:
UPT CDF
[Mbps]
	5%
	0.83
	1.20
	19.60
	48.05
	0.62
	0.64
	18.26
	42.83
	0.11
	0.19
	2.26
	11.92

	
	50%
	39.43
	41.32
	50.00
	88.05
	28.09
	29.32
	45.09
	81.66
	1.40
	1.21
	20.39
	43.36

	
	95%
	76.43
	77.47
	83.23
	126.79
	69.27
	71.53
	79.30
	120.60
	26.75
	32.90
	54.81
	88.21

	
	Mean
	38.95
	41.35
	50.22
	87.87
	28.08
	29.10
	46.35
	80.54
	5.96
	5.86
	23.22
	45.96

	DL:
Delay CDF
[s]
	5%
	0.05
	0.05
	0.05
	0.03
	0.06
	0.06
	0.05
	0.03
	0.08
	0.08
	0.07
	0.05

	
	50%
	0.10
	0.10
	0.08
	0.05
	0.14
	0.13
	0.09
	0.05
	1.69
	1.98
	0.20
	0.09

	
	95%
	3.55
	3.15
	0.20
	0.08
	5.32
	5.39
	0.22
	0.09
	35968
	18399
	2.19
	0.34

	
	Mean
	9569.00
	2984.00
	0.10
	0.05
	0.95
	2279
	0.11
	0.06
	19324
	96854
	0.52
	0.13

	UL:
UPT CDF
[Mbps]
	5%
	0.63
	0.78
	12.61
	5.72
	0.62
	0.53
	11.03
	4.30
	0.17
	0.09
	2.45
	0.42

	
	50%
	23.49
	22.37
	30.36
	13.20
	16.21
	16.31
	26.49
	11.22
	1.24
	1.06
	12.19
	3.67

	
	95%
	45.10
	46.48
	50.13
	24.09
	44.80
	41.32
	48.13
	22.49
	12.34
	16.50
	32.92
	13.51

	
	Mean
	23.87
	23.26
	30.90
	13.84
	17.72
	16.90
	28.11
	11.96
	3.21
	3.57
	13.80
	4.78

	UL:
Delay CDF
[s]
	5%
	0.09
	0.09
	0.08
	0.17
	0.09
	0.10
	0.08
	0.18
	0.16
	0.13
	0.12
	0.28

	
	50%
	0.17
	0.18
	0.13
	0.31
	0.25
	0.24
	0.15
	0.36
	2.36
	2.91
	0.33
	1.13

	
	95%
	4.49
	4.15
	0.32
	0.70
	7.03
	6.11
	0.38
	1.03
	221627
	45657
	1.66
	12.01

	
	Mean
	85448
	18882
	0.16
	0.36
	25872
	48204
	0.18
	0.44
	41749
	96866
	0.60
	23384

	𝜌DL
	0.97
	0.99
	1.00
	1.00
	0.97
	0.97
	1.00
	1.00
	0.73
	0.73
	1.00
	1.00

	𝜌UL
	0.97
	0.97
	1.00
	1.00
	0.97
	0.95
	1.00
	1.00
	0.73
	0.68
	1.00
	0.94

	BO
	0.20
	0.20
	0.11
	0.17
	0.35
	0.34
	0.13
	0.20
	0.75
	0.74
	0.36
	0.55

	𝜆
	0.2
	0.22
	0.29

	Company/tdoc:  Intel 
LAA LBT category: Category 4 on DL (regular) and category 3 on UL (faster), traffic via unlicensed only, LAA ED threshold: -82 dBm for DL and -62 dBm for UL, initial CCA period = defer period during eCCA = 34 us, ECCA slot = 9 us, exponential back off for DL with CW [16, 1024], CW is fixed to 4 for UL, no intra/inter-RAT detection used, PDCCH overhead = 3 symbols, 2x2 for LAA DL with CSI feedback, 1x2 for LAA UL-MCS selection based on SRS, 2x2 MIMO (spatial multiplexing) for Wi-Fi DL-open loop w/o CSI feedback, 1x2 for Wi-Fi UL-open loop rate adaptation based on ACK, LAA TXOP: up to 10 ms for DL and up to 5ms for UL, Wi-Fi TXOP: 4 ms, long GI for Wi-Fi.

	
Reported parameters
	Low load
BO range for Wi-Fi Opt.B in Step 1: 10%~25%
	Medium load
BO range for Wi-Fi Opt. B in Step 1: 35%~50%
	High load
BO range for Wi-Fi Opt.B  in Step 1: above 55%

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

	DL:
UPT CDF
[Mbps]
	5%
	2.19
	2.19
	23.04
	40.84
	0.18
	0.19
	11.90
	27.10
	0.12
	0.07
	2.39
	11.39

	
	50%
	49.13
	53.33
	62.33
	78.78
	24.80
	22.68
	45.80
	58.58
	1.77
	1.84
	26.26
	38.62

	
	95%
	101.90
	96.18
	104.03
	113.71
	88.56
	88.43
	89.09
	94.20
	54.25
	65.35
	68.91
	73.23

	
	Mean
	49.53
	51.79
	62.63
	77.82
	30.32
	31.72
	47.94
	60.03
	13.27
	14.11
	30.31
	39.67

	DL:
Delay CDF
[s]
	5%
	0.04
	0.04
	0.04
	0.04
	0.04
	0.04
	0.05
	0.04
	0.05
	0.05
	0.06
	0.06

	
	50%
	0.08
	0.07
	0.06
	0.05
	0.13
	0.11
	0.09
	0.07
	0.48
	0.43
	0.15
	0.11

	
	95%
	0.64
	0.76
	0.17
	0.10
	9.89
	8.76
	0.31
	0.15
	34904
	5729.00
	1.21
	0.40

	
	Mean
	0.18
	0.23
	0.08
	0.06
	250705
	25148
	0.13
	0.08
	92044
	10778
	0.31
	0.16

	UL:
UPT CDF
[Mbps]
	5%
	1.13
	1.40
	9.64
	3.67
	0.30
	0.24
	4.79
	1.87
	0.25
	0.12
	1.41
	0.50

	
	50%
	24.16
	22.16
	28.25
	9.42
	10.96
	8.63
	18.26
	5.66
	1.71
	1.45
	11.71
	2.40

	
	95%
	49.87
	49.38
	50.79
	19.83
	38.01
	35.70
	40.47
	13.10
	26.83
	28.33
	31.18
	8.65

	
	Mean
	24.16
	23.51
	28.66
	10.19
	14.01
	12.74
	20.38
	6.38
	6.37
	6.08
	13.20
	3.22

	UL:
Delay CDF
[s]
	5%
	0.08
	0.08
	0.08
	0.20
	0.10
	0.11
	0.10
	0.30
	0.14
	0.11
	0.13
	0.46

	
	50%
	0.16
	0.17
	0.14
	0.43
	0.30
	0.34
	0.22
	0.72
	1.54
	1.35
	0.35
	1.64

	
	95%
	2.10
	1.77
	0.41
	1.19
	13.09
	11.89
	0.78
	2.13
	16.53
	3422.00
	2.35
	8.08

	
	Mean
	140.2
	0.43
	0.19
	0.52
	9523.00
	6651.00
	0.31
	0.90
	32189
	147228
	0.71
	2.62

	𝜌DL
	0.99
	0.99
	1.00
	1.00
	0.83
	0.83
	1.00
	1.00
	0.71
	0.71
	0.99
	1.00

	𝜌UL
	0.98
	0.99
	1.00
	1.00
	0.90
	0.88
	1.00
	1.00
	0.79
	0.72
	0.99
	0.93

	BO
	0.20
	0.19
	0.14
	0.26
	0.43
	0.44
	0.21
	0.39
	0.64
	0.65
	0.35
	0.65

	𝜆
	0.25
	0.29
	0.35

	Company/tdoc:  Intel 
LAA LBT category: Category 4 on DL (regular) and category 3 on UL (faster), traffic via unlicensed only, LAA ED threshold: -82 dBm for DL and -62 dBm for UL, initial CCA period = defer period during eCCA = 34 us, ECCA slot = 9 us, exponential back off for DL with CW [16, 1024], CW is fixed to 4 for UL, no intra/inter-RAT detection used, PDCCH overhead = 3 symbols, 2x2 for LAA DL with CSI feedback, 1x2 for LAA UL-MCS selection based on SRS, 2x2 MIMO (spatial multiplexing) for Wi-Fi DL-closed loop CSI feedback, 1x2 for Wi-Fi UL-open loop rate adaptation based on ACK, LAA TXOP: up to 10 ms for DL and up to 5ms for UL, Wi-Fi TXOP: 4 ms, short GI for Wi-Fi.



Observations and discussion
· LAA can coexist with Wi-Fi in the case when both Wi-Fi and LAA have DL and UL traffic under the assumption that LAA applies the category 4 LAA DL LBT scheme that was agreed as a RAN1 working assumption at RAN1#80Bis and a Cat 3 LAA UL LBT with the following details: 
· Initial CCA duration and extended CCA defer period: 34 s 
· eCCA slot duration: 9 s
· LAA ED thresholds: -82 dBm for DL and -62dBm for UL
· Dynamic exponential backoff for DL with the CW of [16, 1024]
· Fixed contention window of 4 for UL
· When the LAA uplink is scheduled by the LAA eNB, the number of contending nodes in the network is reduced, which improves the Wi-Fi performance.  Note that in the Wi-Fi network, all active UEs contend to access the medium. By contrast, in the LAA network where scheduled UL transmissions are assumed, only LAA eNB and the scheduled LAA UEs attempt to access the medium. This aspect can cause significant unfairness between Wi-Fi UL and LAA UL, much worse for LAA UL.  
· It can be observed that LAA UL throughput is constrained by the fact that PUSCH can be scheduled only in the n+4th sub-frame after the transmission of UL grant. In the context of self-carrier scheduling, the UL throughput is constrained to 50% of the achievable throughput when 100% resources were used for LAA UL.
4. Conclusion
In this contribution, we present Wi-Fi and LAA coexistence evaluation results for the case when Wi-Fi and LAA have both DL and UL traffic. In particular, we focus on self-carrier scheduling, where DL/UL grant(s) is sent over the unlicensed carrier, same as PDSCH/PUSCH transmission(s). We make the following observations from the evaluation results. 
Observation 1:
LAA can coexist with Wi-Fi in the case when both Wi-Fi and LAA have DL and UL traffic under the assumption that LAA applies the category 4 LAA DL LBT scheme that was agreed as a RAN1 working assumption at RAN1#80Bis and a Cat 3 LAA UL LBT with the following details: 
· Initial CCA duration and extended CCA defer period: 34 s 
· eCCA slot duration: 9 s
· LAA ED thresholds: -82 dBm for DL and -62dBm for UL
· Dynamic exponential backoff for DL with the CW of [16, 1024]
· Fixed contention window of 4 for UL

Observation 2:
When the LAA uplink is scheduled by the LAA eNB, the number of contending nodes in the network is reduced, which improves the Wi-Fi performance.  Note that in the Wi-Fi network, all active UEs contend to access the medium. By contrast, in the LAA network where scheduled UL transmissions are assumed, only LAA eNB and the scheduled LAA UEs attempt to access the medium. This aspect can cause significant unfairness between Wi-Fi UL and LAA UL, much worse for LAA UL.  

Observation 3:
LAA UL throughput is constrained by the fact that PUSCH can be scheduled only in the n+4th sub-frame after the transmission of UL grant. In the context of self-carrier scheduling, the UL throughput is constrained to about 50% of the achievable throughput when 100% resources were used for LAA UL if the maximum UL burst length is limited to 5ms. 
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