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In RAN1 #80bis, working assumptions on LBT category scheme was agreed for LAA DL transmission [1]. 
Working assumptions:
· 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 exponential backoff or semi-static backoff between X and Y ECCA slots
· 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 initial CCA (ICCA) can be configurable to be comparable to the defer periods of Wi-Fi (e.g., DIFS or AIFS)
· FFS: Conditions under which initial CCA is used
· When ECCA countdown is interrupted, a defer period (not necessarily the same as ICCA) is applied after channel becomes idle
· FFS: Continuing count down during defer period
· The defer period is configurable. It can be configured to be comparable to defer periods of Wi-Fi (e.g. DIFS or AIFS). 
· FFS: A defer period configured to be zero.
· FFS: how matching is done when multiple UEs are scheduled in a subframe with different QoS, or when a transmission contains no PDSCH (e.g. DRS, CSI-RS), or when a transmission contains UL grants
· FFS: Relationship, if any, between contention window and maximum channel occupancy?
· Discuss the values of all the above parameters at RAN1#81
· FFS: Applicability of this to DRS
· Adaptability of the energy detection threshold can be applied
· Defer period: Minimum time that a node has to wait after the channel becomes idle before transmission, i.e., a node can transmit if the channel is sensed to be idle for ≥ defer period. 
· Companies are encouraged to provide evaluations at RAN1#81 for LBT category 4 schemes in accordance with the above

In this contribution, we emphasize and evaluate the LBT category 4 with ACK/NACK based and sensing based trigger event approaches (as shown in our companion contribution [2]).

Simulation scenarios and assumptions
The following Wi-Fi and LAA coexistence scenarios are evaluated as agreed in [3]:
· Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic  (LAA without licensed carrier)
In this contribution, both the LBT category 4 schemes and the LBT category 3 scheme (ETSI LBE option B) are evaluated for performance comparison. The relative LBT parameters for LBT category 4 schemes are given in Table 1. The detailed analysis could be found in our companion contribution [2].
Table 1: LBT Parameters for Wi-Fi and LAA LBT Category 4 Scheme
	
	Wi-Fi
	LAA

	Initiation CCA
	34μs
	34μs

	eCCA slot
	9μs
	9μs

	Defer Period
	34μs
	34μs

	Contention Window Size Range [X,Y]
	[16, 1024]
	[16, 1024]

	Backoff countdown during defer?
	no
	no



Two basic trigger mechanisms are addressed for contention window adjustment in LBT category 4.
· ACK/NACK based mechanism
A straightforward solution for LAA is to reuse the ACK/NACK-based mechanism in Wi-Fi as its own trigger event. However, there are many potential issues for this solution since LAA design is different from Wi-Fi design [2]. We have evaluated the following two approaches:
· Option 1: A NACK ratio during previous channel occupancy time is considered as the metric to trigger the contention window size adaptation.
· Option 2: The error rate for each transmission burst is defined as the ratio between the number of NACKs and the number of NACKs plus the number of ACKs received for the first HARQ transmission is used as the trigger. In addition, this error rate is filtered across more than one transmission bursts.
· Channel sensing based mechanism
The more detailed description of the channel sensing based mechanism can be found in [2]. The following has been evaluated:
· 
Option 3: Each eNB counts the number of busy slots between two transmission burst, denoted as M. The collision probability is calculated as , where q is the current contention window size. This calculated probability is compared with pre-defined thresholds to decide whether/how to adjust the contention window size.
For all these options, the contention window size is doubled when the considered metric is larger than a threshold, and reset to the minimum value when it is smaller than another threshold.
The FTP-3 traffic model is used for all simulation cases. Additional simulation assumptions can be found in the appendix.

Simulation results
The average user perceived throughput (UPT), latency/delay and buffer occupancy as performance metrics are given. Herein 𝜆 denotes the traffic arrival rate, and 𝜌 denotes the ratio of the mean served cell throughput to the mean offered cell throughput for a given traffic arrival rate [3]. To compare the coexistence performance for LBT category 4 with different trigger mechanisms, the three options for the trigger events as described above are evaluated.
The coexistence simulation results for indoor scenario are provided with different LBT approaches in Table 1-4, respectively.
Table 1: LBT Category 3 scheme
	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%
	16.60 
	59.96 
	85.42 
	7.83 
	17.32 
	29.10 
	1.11 
	3.64 
	17.93 

	
	50%
	108.68 
	116.25 
	124.58 
	66.89 
	86.74 
	98.83 
	36.88 
	40.21 
	59.86 

	
	95%
	144.92 
	149.02 
	152.49 
	119.57 
	121.44 
	134.09 
	100.49 
	108.81 
	116.15 

	
	Mean
	99.32 
	113.54 
	122.31 
	66.79 
	78.93 
	94.73 
	41.51 
	49.76 
	65.18 

	Delay CDF [ms]
	5%
	24.00 
	24.00 
	24.00 
	24.00 
	25.00 
	24.00 
	25.00 
	24.00 
	24.00 

	
	50%
	36.00 
	29.00 
	28.00 
	67.00 
	56.00 
	42.00 
	147.00 
	120.00 
	73.00 

	
	95%
	486.00 
	215.00 
	92.00 
	1565.00 
	808.00 
	225.00 
	3140.00 
	2923.00 
	650.00 

	
	Mean
	145.88 
	67.38 
	41.94 
	322.60 
	199.30 
	87.10 
	650.53 
	582.55 
	176.59 

	Ρ
	0.95 
	0.98 
	0.90 
	0.89 
	0.95 
	0.82 
	0.76 
	0.83 
	0.75 

	BO
	0.17 
	0.10 
	0.07 
	0.36 
	0.25 
	0.16 
	0.58 
	0.53 
	0.30 

	Λ
	0.70
	0.90
	1.10

	Additional comments
	LBT category 3: ETSI LBE option B
Maximum channel occupancy time=10 ms
256 QAM for both LAA and Wi-Fi, and LDPC for Wi-Fi



Table 2: LBT Category 4 Option 1
	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%
	16.60 
	42.53 
	89.42 
	7.83 
	26.13 
	54.61 
	1.11 
	1.84 
	21.53 

	
	50%
	108.68 
	112.62 
	133.48 
	66.89 
	86.58 
	115.82 
	36.88 
	45.92 
	80.40 

	
	95%
	144.92 
	147.47 
	159.11 
	119.57 
	120.95 
	142.77 
	100.49 
	111.31 
	130.15 

	
	Mean
	99.32 
	108.60 
	129.73 
	66.79 
	81.41 
	108.17 
	41.51 
	50.93 
	78.34 

	Delay CDF [ms]
	5%
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	25.00 
	24.00 
	24.00 

	
	50%
	36.00 
	31.00 
	26.00 
	67.00 
	55.00 
	33.00 
	147.00 
	114.00 
	52.00 

	
	95%
	486.00 
	260.00 
	84.00 
	1565.00 
	809.00 
	161.00 
	3140.00 
	2748.00 
	452.00 

	
	Mean
	145.88 
	76.69 
	40.02 
	322.60 
	194.43 
	62.70 
	650.53 
	554.61 
	131.17 

	Ρ
	0.95 
	0.97 
	0.90 
	0.89 
	0.96 
	0.83 
	0.76 
	0.81 
	0.78 

	BO
	0.17 
	0.12 
	0.07 
	0.36 
	0.24 
	0.12 
	0.58 
	0.53 
	0.25 

	Λ
	0.70
	0.90
	1.10

	Additional comments
	LBT category 4 scheme
trigger metric: number of NAKs/number of ACKs/NAKs for the previous transmission burst
Threshold for adjustment: LB=5%;UB=15%
Maximum channel occupancy time=10 ms
256 QAM for both LAA and Wi-Fi, and LDPC Codec for Wi-Fi



Table 3: LBT Category 4 Option 2
	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%
	16.60 
	47.40 
	87.79 
	7.83 
	26.18 
	63.35 
	1.11 
	4.57 
	14.57 

	
	50%
	108.68 
	114.19 
	129.91 
	66.89 
	87.79 
	111.96 
	36.88 
	46.80 
	79.96 

	
	95%
	144.92 
	145.81 
	158.93 
	119.57 
	122.37 
	143.66 
	100.49 
	110.89 
	127.80 

	
	Mean
	99.32 
	110.02 
	129.20 
	66.79 
	82.68 
	109.09 
	41.51 
	51.14 
	75.83 

	Delay CDF [ms]
	5%
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	25.00 
	24.00 
	24.00 

	
	50%
	36.00 
	31.00 
	26.00 
	67.00 
	55.00 
	33.00 
	147.00 
	128.00 
	52.00 

	
	95%
	486.00 
	216.00 
	96.00 
	1565.00 
	662.00 
	175.00 
	3140.00 
	2699.00 
	642.00 

	
	Mean
	145.88 
	67.56 
	40.17 
	322.60 
	158.45 
	59.52 
	650.53 
	543.17 
	156.63 

	Ρ
	0.95 
	0.98 
	0.90 
	0.89 
	0.98 
	0.83 
	0.76 
	0.86 
	0.75 

	BO
	0.17 
	0.11 
	0.07 
	0.36 
	0.21 
	0.12 
	0.58 
	0.50 
	0.29 

	Λ
	0.70
	0.90
	1.10

	Additional comments
	LBT category 4,
trigger metric=number of NAKs / (number of NAKs + number of ACKs of the 1st HARQ transmissions)
Threshold for adjustment: LB=5%;UB=15%
Maximum channel occupancy time=10 ms
256 QAM for both LAA and Wi-Fi, and LDPC for Wi-Fi



Table 4: LBT Category 4 Option 3
	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%
	16.60 
	51.75 
	77.18 
	7.83 
	31.47 
	69.45 
	1.11 
	3.11 
	22.31 

	
	50%
	108.68 
	110.81 
	131.53 
	66.89 
	89.01 
	114.08 
	36.88 
	43.22 
	74.86 

	
	95%
	144.92 
	147.15 
	158.50 
	119.57 
	122.12 
	141.65 
	100.49 
	104.40 
	126.28 

	
	Mean
	99.32 
	108.54 
	128.45 
	66.79 
	84.55 
	110.87 
	41.51 
	48.65 
	75.01 

	Delay CDF [ms]
	5%
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	24.00 
	25.00 
	24.00 
	24.00 

	
	50%
	36.00 
	31.00 
	26.00 
	67.00 
	52.00 
	33.00 
	147.00 
	119.00 
	56.00 

	
	95%
	486.00 
	273.00 
	87.00 
	1565.00 
	602.00 
	138.00 
	3140.00 
	2905.00 
	470.00 

	
	Mean
	145.88 
	76.11 
	39.18 
	322.60 
	154.58 
	59.12 
	650.53 
	584.33 
	133.74 

	Ρ
	0.95 
	0.99 
	0.89 
	0.89 
	0.97 
	0.85 
	0.76 
	0.81 
	0.77 

	BO
	0.17 
	0.11 
	0.07 
	0.36 
	0.22 
	0.12 
	0.58 
	0.54 
	0.26 

	Λ
	0.70
	0.90
	1.10

	Additional comments
	LBT category 4,
trigger metric: collision probability calculated based on the number of busy slots detected
Threshold for adjustment: LB=7%;UB=15%
Maximum channel occupancy time=10 ms
256 QAM for both LAA and Wi-Fi, and LDPC for Wi-Fi



From the simulation result, it can be observed that LAA with both LBT category 3 and category 4 provides fair coexistence with Wi-Fi, while maintaining good performance itself. Wi-Fi in Wi-Fi/LAA coexistence performs better that that in Wi-Fi/Wi-Fi coexistence and LAA outperforms Wi-Fi across the range of the traffic loads for both LBT category 3 and category 4.
Generally, LBT category 4 achieves better performance compared with LBT category 3 especially for high traffic load case. This is due to the contention window size adaptation based on collision estimation for both ACK/NACK-based mechanism and sensing-based mechanism.
For LBT category 4, the three options perform quite similar for both Wi-Fi and LAA, and the difference in performance is minor. Generally speaking, the difference is more obvious with high traffic load, because the CW adjustment mechanism is not triggered as often and is not as important with low to medium load.
For ACK/NACK-based mechanism, Wi-Fi in option 2 performs better than that in option 1 across the range of the traffic loads, while LAA in option 1 outperforms that in option 2 in high load. This is because option 2 only counts the ACK from the 1st transmission into NACK ratio calculation, so NACK ratio in option 2 is higher than that in option 1. This results in a larger CW size in option 2 than in option 1, providing more channel access opportunity for Wi-Fi.
From the evaluation results, it appears that option 3 performs slightly worse than option 1 and 2 in high load case. This may be related to the parameters (the thresholds) being chosen, because the performance of all the three options depends on the threshold values being used. As analyzed in [2], there are some inherent issues with ACK/NACK based mechanism, so it is worthwhile to consider these options further with different parameter settings under different scenarios.

Observation 1: LAA with both LBT category 3 and category 4 provides fair coexistence with Wi-Fi, while maintaining good performance itself.
Observation 2: LBT category 4 with contention window size adaptation further improves coexistence performance compared to LBT category 3.
[bookmark: _GoBack]Observation 3: Option 1, 2 and 3 in LBT category 4 have very similar performance. Option 2 provides better performance for Wi-Fi than option 1, with slight degradation in LAA for high load case.
Proposal 1: Both the ACK/NACK based and channel sensing based trigger mechanisms should be evaluated further.

Conclusion
In this contribution, we provided LAA and Wi-Fi coexistence simulation results for DL only LAA with LBT category 4. Based on the simulation results, we made the following observations:
Observation 1: LAA with both LBT category 3 and category 4 provides fair coexistence with Wi-Fi, while maintaining good performance itself.
Observation 2: LBT category 4 with contention window size adaptation further improves coexistence performance compared to LBT category 3.
Observation 3: Option 1, 2 and 3 in LBT category 4 have very similar performance. Option 2 provides better performance for Wi-Fi than option 1, with slight degradation in LAA for high load case.
Proposal 1: Both the ACK/NACK based and channel sensing based trigger mechanisms should be evaluated further.
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Appendix: Simulation assumptions
According to the agreement on the simulation assumption, the following parameters are provided for details. The others are aligned with the standard, which are not mentioned here.
Table 1 Coexistence evaluation assumptions
	Parameters
	LAA
	Wi-Fi

	Outdoor scenario layout
	Based on SCE# 2a + unlicensed band
X=4, Y=1; 10 UEs per operator per carrier; 10 m for min. distance between small cells of different operators

	Indoor scenario layout
	Based on SCE#3 + unlicensed band
X=4, Y=1; 10 UEs per operator per carrier; 3 m minimal distance between small cells of different operators

	Traffic model
	FTP Model 3
file size: 0.5 Mbytes

	Network synchronization
	For the same operator, the network is ideally synchronized
Small cells of different operators are not synchronized

	Total BS TX power
	18 dBm
	18 dBm

	Antenna configuration
	2Tx2Rx in DL, Cross-polarized; adaptive stream
	2Tx2Rx in DL, Cross-polarized; Open-loop with 2 fixed streams

	CCA-ED
	-73 dBm/MHz+23-PH / (1 MHz)
	-62 dBm

	Channel selection
	None
	None

	Link adaptation
	Realistic
	Rate control - Minstrel algorithm



Table 2 Wi-Fi additional simulation parameter
	Parameter
	value

	MCS
	802.11ac MCS table (256QAM)

	LDPC
	Yes

	MPDU size
	1 ms

	Max PPDU duration
	3 ms

	MAC
	Coordination
	DCF

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection only

	
	RTS/CTS
	None

	
	Contention window
	Per DCF

	ACK Modeled
	Ideal reception, but resource utilization and interference caused by ACK is modelled.



Table 3 LTE additional simulation parameter
	Parameter
	value

	Transmission schemes
	TM10, QPSK/16QAM/64QAM/256QAM

	Scheduler
	Proportional fair

	UE receiver 
	MMSE-IRC

	Scheduling delay for LAA
	4 ms (Channel ON Status)

	CQI/RI/PMI Feedback for LAA
	Sub-band feedback with 1 ms feedback period  and 1ms feedback delay

	MAC HARQ
	Number of maximum ReTx: 3; minimal interval of ReTx: 8 ms (Channel ON Status)

	Outer loop link adaptation
	Enabled
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