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1. Introduction
RAN1 initiated the study item phase for Licensed-Assisted Access (LAA) [1] in RAN1#78bis. In RAN1#79 [2], some details of evaluation methodologies were agreed. According to section 8.1 in TR 36.889 [3], the following evaluation methodology is followed in the WiFi + LAA coexistence case.
 (
In the 
Wi-Fi-LAA
 coexistence case, the following evaluation methodology is followed.
For each UE and eNB/AP drop
Step 1: Performance metrics for two Wi-Fi networks coexisting in a given evaluation scenario are evaluated and recorded.
Step 2: Wi-Fi is replaced with LAA for the group of eNBs and UEs served by one of the Wi-Fi operators. Performance metrics of the Wi-Fi network coexisting
 
with the LAA network are evaluated and recorded.
A comparison of the performance metrics between the two steps for the Wi-Fi network that was not replaced with LAA can be used to evaluate coexistence between LAA and Wi-Fi in an unlicensed band. 
)
Furthermore, some agreements were reached with regard to the kind of LBT schemes that should be evaluated [4].
 (
Agreements:
Classify the evaluated LBT schemes according to the following categories:
Category 1: No LBT
Category 2: LBT without random back-off
Category 3: LBT with random back-off with fixed size of contention window
Category 4: LBT with random back-off with variable size of contention window
Note: Contention window is the maximum possible random back-off value
Note: Category 
classification
 does not restrict a LBT design investigation
Note: Company is encouraged to evaluate many categories as much as possible
Illustrative examples
FBE procedure as defined in EN BRAN V1.
8
.
0
 belongs to category 2
LBE procedure with a fixed q for the contention window as defined in EN BRAN V1.
8
.
0
 belongs to category 3
LBE procedure Op A with a variable q for the contention window as defined in EN BRAN V1.
8
.
0
 belongs to category 4
 
)
In this contribution we provide simulation results of coexistence between LAA and WiFi for downlink.
2. Listen before talk
In our evaluation, we study three different listen-before-talk (LBT) algorithms that are applied to LAA eNBs as follows:
LBT scheme 1 (category 2): Fixed CCA timing without random back-off
Under LBT scheme 1, we assume that LAA eNBs start CCA at a fixed time instant, and the CCA duration is also fixed. That time instant is around 20 us before a subframe boundary. 
If the channel is busy, the eNB waits for the next subframe to perform a new CCA. 
If the LAA eNB judges the channel to be idle, the LAA eNB can start a burst transmission spanning 3 subframes and 11 symbols. After that, the LAA eNB performs CCA again in the last 3 OFDM symbols of the fourth subframe, and if it doesn't detect any signal in the channel, the LAA eNB transmits a new burst from the first OFDM symbol of the next subframe (if the LAA eNB has still DL buffer). 
In our simulation, the maximum burst transmission time is 4 ms (3 contiguous subframes and 11 OFDM symbols can be used to transmit PDSCH). The LAA eNB performs CCA in the last three OFDM symbols to guarantee idle period of at least 5% of the actual occupancy time.

Figure 1: Mechanism of LBT scheme 1 for LAA
LBT scheme 2 (category 3): Fixed CCA timing with random back-off
Under LBT scheme 2, we assume that LAA eNBs can only occupy the channel in the last three OFDM symbols of a subframe (which is the contention window).
Three OFDM symbols last about 214 us, while the CCA check needs to be performed for at least 20 us for the eNB to be able to consider a channel clear. Given the nature of LAA, we consider it wise to segment these last three OFDM symbols and define some time instants for channel access. For example, the channel could be segmented in 10 instants (CCA slots) separated by 20 us, which could be referred to by an index Taccess = [1, 10] (more granular segmentation would also be possible, in which case a 20 us CCA check would span multiple CCA slots). Different eNBs are then be assigned a random integer in this range, which would be their random back-off counter, although the initial value should be span at least 40 us in each contention window (i.e. initial random back-off counter = [2, 10]). 
Each eNB performs CCA and decrements the value of its back-off counter at every CCA slot instant. When the back-off counter reaches 0, if the channel is busy, the eNB will wait until the next contention window. If the channel is considered idle the eNB starts transmitting (either the initial signal or directly PDSCH if the CCA slot is the one immediately preceding a subframe boundary).
An eNB can keep transmitting until OFDM symbol #10 of the fourth subframe. This way, the 4 ms length limit is respected even if the eNB started transmitting right after the first CCA slot, and the process can be repeated in those last three OFDM symbols, making it possible to chain transmissions if no other device contends for the channel and thus increasing the system's efficiency.

Figure 2: Mechanism of LBT scheme 2 for LAA
LBT scheme 3 (category 3): Flexible CCA timing with random back-off
Under LBT scheme 3, we assume that LAA eNBs can occupy the channel at any moment within the first three OFDM symbols after a channel becomes idle (which is this scheme's flexible contention window).
As in LBT scheme 2, some CCA slots are defined within a contention window of 3 OFDM symbols. The difference is that this contention window is not fixed to any subframe structure; it starts right after the channel is considered idle. 
Each LAA node is assigned a random number in a range defined by the number of CCA slots in the contention window, decreasing the value of its back-off counter at every CCA slot.  
When the back-off counter reaches 0, if the channel is busy, the eNB will wait until the next contention window. If the channel is considered idle the eNB starts transmitting (either the initial signal until the next OFDM symbol boundary or directly PDSCH if the CCA slot is the one immediately preceding an OFDM symbol boundary).
An eNB can keep transmitting for a total duration of 4 ms, freeing the channel afterwards. The next contention window starts 20 us after the end of the transmission (if no other device occupies the channel before).

Figure 3: Mechanism of LBT scheme 3 for LAA
3. Simulation results
We evaluated the UPT performances by system level simulation according to the evaluation methodologies agreed in RAN1#79 [2] and the LBT categories agreed in RAN1#80 [4]. Note that the detailed simulation assumptions are listed in the Annex. 
As described in the evaluation methodology, operator 1 operates WiFi APs with both DL and UL in both steps, and operator 2 replaces DL-only WiFi APs in step 1 with LAA eNBs in step 2. Operation in the licensed carrier is not included in the simulations.
Table 1 and table 2 show the simulation results for indoor and outdoor deployments for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic, classified into low, middle and high traffic conditions according to buffer occupancy (BO) [5].
Table 1: Coexistence evaluation Results for UL+DL Wi-Fi with DL-only LAA and Wi-Fi with FTP traffic (indoor)
	
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
	Wi-Fi 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
	Wi-Fi 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
	Wi-Fi Opt.2 in 
step 2

	DL:
UPT CDF [Mbps]
	5%
	6.90 
	7.38 
	29.11 
	20.64 
	0.52 
	0.83 
	18.84 
	11.96 
	0.06 
	0.10 
	12.10 
	2.68 

	
	50%
	49.49 
	49.84 
	65.25 
	58.74 
	31.36 
	29.99 
	57.20 
	48.38 
	7.87 
	7.80 
	49.52 
	36.74 

	
	95%
	82.64 
	82.57 
	82.74 
	88.02 
	76.16 
	71.50 
	82.56 
	87.33 
	53.62 
	52.39 
	80.88 
	76.11 

	
	Mean
	48.08 
	48.11 
	62.58 
	57.94 
	32.75 
	31.55 
	55.05 
	47.73 
	15.55 
	15.28 
	47.84 
	37.25 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.048 
	0.045 
	0.051 
	0.050 
	0.048 
	0.045 

	
	50%
	0.085 
	0.085 
	0.057 
	0.067 
	0.127 
	0.136 
	0.070 
	0.092 
	0.323 
	0.356 
	0.083 
	0.128 

	
	95%
	0.531 
	0.593 
	0.181 
	0.299 
	1.669 
	1.811 
	0.298 
	0.597 
	3.457 
	3.568 
	0.474 
	1.293 

	
	Mean
	0.171 
	0.186 
	0.082 
	0.109 
	0.381 
	0.404 
	0.119 
	0.184 
	0.824 
	0.887 
	0.159 
	0.329 

	UL:
UPT CDF [Mbps]
	5%
	2.19 
	N/A
	14.91 
	N/A
	0.39 
	N/A
	6.05 
	N/A
	0.05 
	N/A
	3.41 
	N/A

	
	50%
	43.98 
	N/A
	65.41 
	N/A
	22.29 
	N/A
	53.65 
	N/A
	5.12 
	N/A
	42.78 
	N/A

	
	95%
	82.77 
	N/A
	82.85 
	N/A
	82.57 
	N/A
	82.77 
	N/A
	58.56 
	N/A
	82.62 
	N/A

	
	Mean
	45.22 
	N/A
	59.95 
	N/A
	29.32 
	N/A
	51.15 
	N/A
	14.10 
	N/A
	43.66 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.048 
	N/A
	0.048 
	N/A
	0.049 
	N/A
	0.048 
	N/A
	0.089 
	N/A
	0.049 
	N/A

	
	50%
	0.106 
	N/A
	0.068 
	N/A
	0.199 
	N/A
	0.085 
	N/A
	0.585 
	N/A
	0.111 
	N/A

	
	95%
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A

	
	Mean
	0.230 
	N/A
	0.102 
	N/A
	0.454 
	N/A
	0.169 
	N/A
	0.926 
	N/A
	0.239 
	N/A

	𝜌DL
	0.97 
	0.98 
	0.99 
	0.99 
	0.91 
	0.91 
	0.99 
	0.98 
	0.76 
	0.87 
	0.98 
	0.95 

	𝜌UL
	0.98 
	N/A
	0.99 
	N/A
	0.94 
	N/A
	1.00 
	N/A
	0.87 
	N/A
	0.98 
	N/A

	BO
	0.19 
	0.16 
	0.10 
	0.11 
	0.37 
	0.32 
	0.16 
	0.19 
	0.61 
	0.57 
	0.23 
	0.30 

	𝜆
	0.25
	0.3
	0.35

	Company/tdoc: Sharp / R1-151992
LBT category: 2 (scheme 1)
Additional information: Indoor evaluation. 
LBT algorithm according to LBT scheme 1 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.

	DL:
UPT CDF [Mbps]
	5%
	6.90 
	7.38 
	24.48 
	17.72 
	0.52 
	0.83 
	12.12 
	5.30 
	0.06 
	0.10 
	4.15 
	0.57 

	
	50%
	49.49 
	49.84 
	63.66 
	56.11 
	31.36 
	29.99 
	53.25 
	43.68 
	7.87 
	7.80 
	39.28 
	27.67 

	
	95%
	82.64 
	82.57 
	82.75 
	87.78 
	76.16 
	71.50 
	82.53 
	86.75 
	53.62 
	52.39 
	76.85 
	67.52 

	
	Mean
	48.08 
	48.11 
	60.66 
	55.29 
	32.75 
	31.55 
	51.15 
	43.33 
	15.55 
	15.28 
	39.31 
	29.70 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.048 
	0.045 
	0.051 
	0.050 
	0.048 
	0.045 

	
	50%
	0.085 
	0.085 
	0.060 
	0.074 
	0.127 
	0.136 
	0.076 
	0.101 
	0.323 
	0.356 
	0.108 
	0.165 

	
	95%
	0.531 
	0.593 
	0.210 
	0.349 
	1.669 
	1.811 
	0.439 
	0.851 
	3.457 
	3.568 
	0.953 
	2.046 

	
	Mean
	0.171 
	0.186 
	0.094 
	0.131 
	0.381 
	0.404 
	0.144 
	0.250 
	0.824 
	0.887 
	0.262 
	0.467 

	UL:
UPT CDF [Mbps]
	5%
	2.19 
	N/A
	10.66 
	N/A
	0.39 
	N/A
	3.47 
	N/A
	0.05 
	N/A
	1.51 
	N/A

	
	50%
	43.98 
	N/A
	62.70 
	N/A
	22.29 
	N/A
	48.11 
	N/A
	5.12 
	N/A
	31.76 
	N/A

	
	95%
	82.77 
	N/A
	82.85 
	N/A
	82.57 
	N/A
	82.74 
	N/A
	58.56 
	N/A
	82.59 
	N/A

	
	Mean
	45.22 
	N/A
	57.88 
	N/A
	29.32 
	N/A
	47.47 
	N/A
	14.10 
	N/A
	36.33 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.05 
	N/A
	0.048 
	N/A
	0.05 
	N/A
	0.048 
	N/A
	0.09 
	N/A
	0.048 
	N/A

	
	50%
	0.11 
	N/A
	0.061 
	N/A
	0.20 
	N/A
	0.082 
	N/A
	0.59 
	N/A
	0.121 
	N/A

	
	95%
	0.00 
	N/A
	0.329 
	N/A
	0.00 
	N/A
	0.789 
	N/A
	0.00 
	N/A
	1.533 
	N/A

	
	Mean
	0.23 
	N/A
	0.12 
	N/A
	0.45 
	N/A
	0.20 
	N/A
	0.93 
	N/A
	0.35 
	N/A

	𝜌DL
	0.97 
	0.98 
	0.99 
	0.99 
	0.91 
	0.91 
	0.99 
	0.97 
	0.76 
	0.87 
	0.96 
	0.90 

	𝜌UL
	0.98 
	N/A
	0.99 
	N/A
	0.94 
	N/A
	0.99 
	N/A
	0.87 
	N/A
	0.97 
	N/A

	BO
	0.19 
	0.16 
	0.11 
	0.12 
	0.37 
	0.32 
	0.19 
	0.22 
	0.61 
	0.57 
	0.31 
	0.38 

	𝜆
	0.25 
	0.30 
	0.35 

	Company/tdoc: Sharp / R1-151992
LBT category: 3 (scheme 2)
Additional information: Indoor evaluation. 
LBT algorithm according to LBT scheme 2 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.

	DL:
UPT CDF [Mbps]
	5%
	6.90 
	7.38 
	9.29 
	10.00 
	0.52 
	0.83 
	2.48 
	1.31 
	0.056 
	0.104 
	0.490 
	0.128 

	
	50%
	49.49 
	49.84 
	52.21 
	56.18 
	31.36 
	29.99 
	37.53 
	39.23 
	7.87 
	7.80 
	16.61 
	12.72 

	
	95%
	82.64 
	82.57 
	82.65 
	92.13 
	76.16 
	71.50 
	80.44 
	83.43 
	53.62 
	52.39 
	63.15 
	60.71 

	
	Mean
	48.08 
	48.11 
	50.22 
	54.39 
	32.75 
	31.55 
	37.90 
	39.20 
	15.55 
	15.28 
	22.46 
	20.30 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.043 
	0.048 
	0.048 
	0.048 
	0.043 
	0.051 
	0.050 
	0.049 
	0.044 

	
	50%
	0.085 
	0.085 
	0.079 
	0.076 
	0.127 
	0.136 
	0.111 
	0.115 
	0.323 
	0.356 
	0.233 
	0.270 

	
	95%
	0.531 
	0.593 
	0.497 
	0.551 
	1.669 
	1.811 
	1.229 
	1.617 
	3.457 
	3.568 
	2.459 
	3.412 

	
	Mean
	0.171 
	0.186 
	0.158 
	0.170 
	0.381 
	0.404 
	0.301 
	0.356 
	0.824 
	0.887 
	0.587 
	0.771 

	UL:
UPT CDF [Mbps]
	5%
	2.19 
	N/A
	2.62 
	N/A
	0.39 
	N/A
	1.23 
	N/A
	0.05 
	N/A
	0.323 
	N/A

	
	50%
	43.98 
	N/A
	46.82 
	N/A
	22.29 
	N/A
	27.98 
	N/A
	5.12 
	N/A
	10.65 
	N/A

	
	95%
	82.77 
	N/A
	82.79 
	N/A
	82.57 
	N/A
	82.66 
	N/A
	58.56 
	N/A
	74.01 
	N/A

	
	Mean
	45.22 
	N/A
	46.65 
	N/A
	29.32 
	N/A
	33.89 
	N/A
	14.10 
	N/A
	19.69 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.05 
	N/A
	0.048 
	N/A
	0.05 
	N/A
	0.048 
	N/A
	0.09 
	N/A
	0.049 
	N/A

	
	50%
	0.11 
	N/A
	0.085 
	N/A
	0.20 
	N/A
	0.129 
	N/A
	0.59 
	N/A
	0.289 
	N/A

	
	95%
	0.00 
	N/A
	1.036 
	N/A
	0.00 
	N/A
	1.741 
	N/A
	0.00 
	N/A
	2.930 
	N/A

	
	Mean
	0.23 
	N/A
	0.24 
	N/A
	0.45 
	N/A
	0.40 
	N/A
	0.93 
	N/A
	0.72 
	N/A

	𝜌DL
	0.97 
	0.98 
	0.98 
	0.98 
	0.91 
	0.91 
	0.96 
	0.94 
	0.76 
	0.87 
	0.88 
	0.81 

	𝜌UL
	0.98 
	N/A
	0.99 
	N/A
	0.94 
	N/A
	0.98 
	N/A
	0.87 
	N/A
	0.94 
	N/A

	BO
	0.19 
	0.16 
	0.18 
	0.15 
	0.37 
	0.32 
	0.31 
	0.28 
	0.61 
	0.57 
	0.52 
	0.51 

	𝜆
	0.25 
	0.30 
	0.35 

	Company/tdoc: Sharp / R1-151992
LBT category: 3 (scheme 3)
Additional information: Indoor evaluation. 
LBT algorithm according to LBT scheme 3 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.



Table 2: Coexistence evaluation Results for UL+DL Wi-Fi with DL-only LAA and Wi-Fi with FTP traffic (outdoor)
	
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
	Wi-Fi 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
	Wi-Fi 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
	Wi-Fi Opt.2 in 
step 2

	DL:
UPT CDF [Mbps]
	5%
	1.51 
	2.28 
	10.92 
	10.97 
	0.12 
	0.29 
	3.59 
	3.04 
	0.03 
	0.04 
	0.45 
	0.13 

	
	50%
	40.61 
	41.42 
	62.52 
	56.10 
	17.36 
	17.91 
	49.36 
	38.14 
	3.74 
	4.18 
	29.83 
	14.28 

	
	95%
	82.68 
	82.66 
	82.80 
	88.21 
	79.68 
	76.10 
	82.71 
	87.48 
	47.92 
	47.85 
	82.28 
	68.73 

	
	Mean
	41.88 
	42.37 
	57.40 
	54.88 
	25.34 
	25.17 
	47.76 
	40.50 
	11.30 
	11.53 
	33.55 
	21.83 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.048 
	0.045 
	0.062 
	0.061 
	0.048 
	0.046 

	
	50%
	0.096 
	0.095 
	0.062 
	0.070 
	0.178 
	0.183 
	0.081 
	0.110 
	0.405 
	0.418 
	0.122 
	0.238 

	
	95%
	0.936 
	0.990 
	0.368 
	0.427 
	2.347 
	2.293 
	0.729 
	0.980 
	3.830 
	4.090 
	1.655 
	2.551 

	
	Mean
	0.252 
	0.257 
	0.126 
	0.138 
	0.530 
	0.525 
	0.202 
	0.265 
	0.933 
	0.999 
	0.376 
	0.603 

	UL:
UPT CDF [Mbps]
	5%
	0.66 
	N/A
	3.32 
	N/A
	0.04 
	N/A
	1.13 
	N/A
	0.00 
	N/A
	0.15 
	N/A

	
	50%
	24.22 
	N/A
	48.44 
	N/A
	7.23 
	N/A
	30.66 
	N/A
	2.00 
	N/A
	13.57 
	N/A

	
	95%
	82.68 
	N/A
	82.82 
	N/A
	75.69 
	N/A
	82.72 
	N/A
	35.81 
	N/A
	82.25 
	N/A

	
	Mean
	32.23 
	N/A
	48.29 
	N/A
	17.28 
	N/A
	37.22 
	N/A
	7.45 
	N/A
	23.18 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.049 
	N/A
	0.048 
	N/A
	0.070 
	N/A
	0.048 
	N/A
	0.143 
	N/A
	0.058 
	N/A

	
	50%
	0.178 
	N/A
	0.101 
	N/A
	0.415 
	N/A
	0.152 
	N/A
	0.890 
	N/A
	0.282 
	N/A

	
	95%
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A
	0.000 
	N/A

	
	Mean
	0.425 
	N/A
	0.216 
	N/A
	0.778 
	N/A
	0.360 
	N/A
	1.226 
	N/A
	0.578 
	N/A

	𝜌DL
	0.96 
	0.96 
	0.99 
	0.99 
	0.86 
	0.88 
	0.97 
	0.96 
	0.71 
	0.82 
	0.91 
	0.85 

	𝜌UL
	0.96 
	N/A
	1.00 
	N/A
	0.89 
	N/A
	0.98 
	N/A
	0.82 
	N/A
	0.94 
	N/A

	BO
	0.19 
	0.14 
	0.09 
	0.08 
	0.39 
	0.31 
	0.17 
	0.17 
	0.64 
	0.54 
	0.34 
	0.39 

	𝜆
	0.13
	0.155
	0.185

	Company/tdoc: Sharp / R1-151992
LBT category: 2 (scheme 1)
Additional information: Outdoor evaluation. 
LBT algorithm according to LBT scheme 1 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.

	DL:
UPT CDF [Mbps]
	5%
	1.51 
	2.28 
	11.29 
	11.53 
	0.12 
	0.29 
	2.59 
	1.53 
	0.03 
	0.04 
	0.46 
	0.10 

	
	50%
	40.61 
	41.42 
	62.40 
	52.80 
	17.36 
	17.91 
	46.69 
	33.06 
	3.74 
	4.18 
	28.67 
	12.63 

	
	95%
	82.68 
	82.66 
	82.80 
	87.95 
	79.68 
	76.10 
	82.68 
	85.13 
	47.92 
	47.85 
	82.36 
	64.31 

	
	Mean
	41.88 
	42.37 
	57.58 
	52.54 
	25.34 
	25.17 
	45.65 
	35.98 
	11.30 
	11.53 
	33.03 
	19.98 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.048 
	0.046 
	0.062 
	0.061 
	0.048 
	0.049 

	
	50%
	0.096 
	0.095 
	0.061 
	0.077 
	0.178 
	0.183 
	0.085 
	0.126 
	0.405 
	0.418 
	0.126 
	0.259 

	
	95%
	0.936 
	0.990 
	0.351 
	0.402 
	2.347 
	2.293 
	0.977 
	1.244 
	3.830 
	4.090 
	1.633 
	2.691 

	
	Mean
	0.252 
	0.257 
	0.119 
	0.139 
	0.530 
	0.525 
	0.233 
	0.321 
	0.933 
	0.999 
	0.379 
	0.648 

	UL:
UPT CDF [Mbps]
	5%
	0.66 
	N/A
	3.77 
	N/A
	0.04 
	N/A
	0.92 
	N/A
	0.00 
	N/A
	0.15 
	N/A

	
	50%
	24.22 
	N/A
	48.35 
	N/A
	7.23 
	N/A
	29.04 
	N/A
	2.00 
	N/A
	12.86 
	N/A

	
	95%
	82.68 
	N/A
	82.83 
	N/A
	75.69 
	N/A
	82.69 
	N/A
	35.81 
	N/A
	80.28 
	N/A

	
	Mean
	32.23 
	N/A
	48.82 
	N/A
	17.28 
	N/A
	35.84 
	N/A
	7.45 
	N/A
	22.81 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.05 
	N/A
	0.048 
	N/A
	0.07 
	N/A
	0.048 
	N/A
	0.14 
	N/A
	0.049 
	N/A

	
	50%
	0.18 
	N/A
	0.080 
	N/A
	0.42 
	N/A
	0.122 
	N/A
	0.89 
	N/A
	0.222 
	N/A

	
	95%
	0.00 
	N/A
	0.835 
	N/A
	0.00 
	N/A
	1.654 
	N/A
	0.00 
	N/A
	2.434 
	N/A

	
	Mean
	0.43 
	N/A
	0.20 
	N/A
	0.78 
	N/A
	0.38 
	N/A
	1.23 
	N/A
	0.59 
	N/A

	𝜌DL
	0.96 
	0.96 
	0.99 
	0.99 
	0.86 
	0.88 
	0.97 
	0.95 
	0.71 
	0.82 
	0.91 
	0.84 

	𝜌UL
	0.96 
	N/A
	1.00 
	N/A
	0.89 
	N/A
	0.97 
	N/A
	0.82 
	N/A
	0.93 
	N/A

	BO
	0.19 
	0.14 
	0.09 
	0.08 
	0.39 
	0.31 
	0.19 
	0.20 
	0.64 
	0.54 
	0.34 
	0.40 

	𝜆
	0.13 
	0.155 
	0.185 

	Company/tdoc: Sharp / R1-151992
LBT category: 3 (scheme 2)
Additional information: Outdoor evaluation. 
LBT algorithm according to LBT scheme 2 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.

	DL:
UPT CDF [Mbps]
	5%
	1.51 
	2.28 
	7.75 
	11.65 
	0.12 
	0.29 
	1.55 
	1.46 
	0.026 
	0.043 
	0.278 
	0.168 

	
	50%
	40.61 
	41.42 
	56.42 
	59.30 
	17.36 
	17.91 
	39.52 
	37.66 
	3.74 
	4.18 
	20.89 
	13.95 

	
	95%
	82.68 
	82.66 
	82.77 
	92.43 
	79.68 
	76.10 
	82.62 
	88.27 
	47.92 
	47.85 
	76.75 
	67.37 

	
	Mean
	41.88 
	42.37 
	53.58 
	57.40 
	25.34 
	25.17 
	40.65 
	39.43 
	11.30 
	11.53 
	27.08 
	21.28 

	DL:
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.048 
	0.043 
	0.048 
	0.048 
	0.048 
	0.043 
	0.062 
	0.061 
	0.049 
	0.049 

	
	50%
	0.096 
	0.095 
	0.070 
	0.068 
	0.178 
	0.183 
	0.099 
	0.107 
	0.405 
	0.418 
	0.165 
	0.243 

	
	95%
	0.936 
	0.990 
	0.476 
	0.374 
	2.347 
	2.293 
	1.129 
	1.106 
	3.830 
	4.090 
	1.972 
	2.426 

	
	Mean
	0.252 
	0.257 
	0.150 
	0.128 
	0.530 
	0.525 
	0.275 
	0.286 
	0.933 
	0.999 
	0.466 
	0.588 

	UL:
UPT CDF [Mbps]
	5%
	0.66 
	N/A
	2.76 
	N/A
	0.04 
	N/A
	0.35 
	N/A
	0.00 
	N/A
	0.087 
	N/A

	
	50%
	24.22 
	N/A
	41.73 
	N/A
	7.23 
	N/A
	21.69 
	N/A
	2.00 
	N/A
	8.96 
	N/A

	
	95%
	82.68 
	N/A
	82.82 
	N/A
	75.69 
	N/A
	82.60 
	N/A
	35.81 
	N/A
	74.54 
	N/A

	
	Mean
	32.23 
	N/A
	44.45 
	N/A
	17.28 
	N/A
	30.91 
	N/A
	7.45 
	N/A
	18.69 
	N/A

	UL:
Delay CDF
[s]
	5%
	0.05 
	N/A
	0.048 
	N/A
	0.07 
	N/A
	0.048 
	N/A
	0.14 
	N/A
	0.049 
	N/A

	
	50%
	0.18 
	N/A
	0.095 
	N/A
	0.42 
	N/A
	0.151 
	N/A
	0.89 
	N/A
	0.271 
	N/A

	
	95%
	0.00 
	N/A
	1.084 
	N/A
	0.00 
	N/A
	1.977 
	N/A
	0.00 
	N/A
	2.877 
	N/A

	
	Mean
	0.43 
	N/A
	0.26 
	N/A
	0.78 
	N/A
	0.46 
	N/A
	1.23 
	N/A
	0.69 
	N/A

	𝜌DL
	0.96 
	0.96 
	0.99 
	0.99 
	0.86 
	0.88 
	0.95 
	0.95 
	0.71 
	0.82 
	0.89 
	0.86 

	𝜌UL
	0.96 
	N/A
	0.99 
	N/A
	0.89 
	N/A
	0.96 
	N/A
	0.82 
	N/A
	0.92 
	N/A

	BO
	0.19 
	0.14 
	0.11 
	0.08 
	0.39 
	0.31 
	0.24 
	0.19 
	0.64 
	0.54 
	0.40 
	0.39 

	𝜆
	0.13 
	0.155 
	0.185 

	Company/tdoc: Sharp / R1-151992
LBT category: 3 (scheme 3)
Additional information: Outdoor evaluation. 
LBT algorithm according to LBT scheme 3 as described in R1-151992. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold). CCA slot length = 20 us. No defer period. No inter-operator synchronization. Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, 80% DL and 20% UL traffic for the non-replaced WiFi, 100% DL for the replaced WiFi and LAA, 256 QAM implemented.



Figure 4 and figure 5 show the gains of mean WiFi UPT in the WiFi and LAA coexistence case compared to mean WiFi UPT in the WiFi and WiFi coexistence case. Compared to the WiFi + WiFi coexistence case, the results of WiFi + LAA present significant improvements in both mean UPT and 5%ile UPT. LBT category 2 is the most beneficial for WiFi, as its contention window restrictions leave more opportunities to WiFi, but more homogeneous access solutions like LBT category 3 are still easier neighbours to WiFi than another WiFi network.
This positive interaction accelerates as the load increases. The physical layer of LTE is designed to be robust against interferences, which becomes more relevant under high load. For this reason, the UPT of WiFi coexisting with LAA improves as the UPT of LAA increases.
Interestingly, this effect more accentuated for the UL traffic. As LAA tends to occupy the channel for less time than 802.11 networks, WiFi nodes experience less contention from their LAA neighbours than what could be expected from WiFi neighbours. That gain is shared by all nodes of the WiFi network, being more noticeable in the UL due to the asymmetric proportion of UL terminals to DL nodes (20 UL terminals for each DL node in WiFi).
[image: ]
   (a) mean DL UPT gain of WiFi		(b) mean UL UPT gain of WiFi
Figure 4: gain of mean WiFi UPT in the DL+UL WiFi and LAA coexistence case compared to mean WiFi UPT in the WiFi and WiFi coexistence case in indoor deployment

[image: ]
   (a) mean DL UPT gain of WiFi		(b) mean UL UPT gain of WiFi
Figure 5: gain of mean WiFi UPT in the DL+UL WiFi and LAA coexistence case compared to mean WiFi UPT in the WiFi and WiFi coexistence case in outdoor deployment
These simulation results show that none of the identified LBT design options have any negative impact on WiFi, and therefore that LAA can coexist well with WiFi.
Observation 1: Both FBE-based approach (LBT category 2) and LBE-based approach (LBT category 3) are appropriate for co-existence, as their implementation in LAA does not degrade WiFi operation.
· On the contrary, better throughput in the WiFi nodes of operator 1 show that LAA is better neighbour than WiFi.
4. Conclusion
We provided an observation for coexistence between LAA and WiFi. 
Observation 1: Both FBE-based approach (LBT category 2) and LBE-based approach (LBT category 3) are appropriate for co-existence, as their implementation in LAA does not degrade WiFi operation.
· On the contrary, better throughput in the WiFi nodes of operator 1 show that LAA is better neighbour than WiFi.
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Annex
A.1) Simulation assumptions
Table A1, A2, and A3 show the details of the simulation assumption.
Table A1: General evaluation assumptions
	Parameters
	Assumptions / Values

	Deployment
	Indoor and outdoor scenario

	Number of nodes
	4 per operator

	Carrier frequency
	5 GHz for unlicensed band

	UE bandwidth
	20 MHz for unlicensed band

	Number of carriers
	Single carrier

	Transmission power
	18 dBm

	Channel model
	ITU InH for indoor scenario
ITU UMi for outdoor scenario

	Antenna pattern
	2D Omni-directional

	Antenna gain + connector loss
	5 dBi

	Number of UEs
	20 UEs per operator

	Traffic model
	FTP model 3 with packet size of 0.5 Mbytes
80% DL and 20% UL traffic for the non-replaced WiFi
100% DL for the replaced WiFi and LAA

	UE receiver
	MMSE

	UE noise figure
	9 dB

	UE speed
	3 km/h

	Cell selection
	Best RSRP/RSS-based with 0 dB handover margin
RSS threshold is -82 dBm

	Network synchronization
	Small cells of the same operator: synchronized and time-aligned
Small cells between different operators: unsynchronized

	Simulation step
	1 us



Table A2: WiFi system evaluation assumptions
	Parameters
	Assumptions / Values

	MCS
	802.11ac MCS table (with 256QAM)

	Antenna configuration
	1Tx 2Rx

	Channel coding
	LDPC

	Frame aggregation
	A-MPDU

	MPDU size
	1.5 kbytes

	Max PPDU duration
	4 ms

	MAC coordination
	Basic DCF
SIFS (16 us), DIFS (34 us)

	Slot size
	9 us

	RTS/CTS
	N/A

	Contention window
	Min: 15 slot, Max 1023 slot

	CCA-CS
	-82 dBm and preamble decoding

	CCA-ED
	-62 dBm

	ACK modeled
	Yes
Error free reception
ACK transmission using MCS 0 (BPSK, r = 1/2)

	DL/UL duplexing
	DL + UL

	Rate control
	Open loop
target BLER: 0.1

	OFDM symbol length
	4 us

	UE scheduler
	Round-robin with full bandwidth allocation

	File scheduler
	FIFO



Table A3: LAA system evaluation assumptions
	Parameters
	Assumptions / Values

	PCI planning
	Planned

	MCS
	QPSK/16QAM/64QAM/256QAM

	Antenna configuration
	1Tx 2Rx

	Transmission schemes
	DMRS-based transmission

	Channel estimation
	Ideal

	Max burst transmission duration
	4 ms

	CSI feedback
	Wideband CQI, no PMI/RI
Target BLER: 0.1

	CCA-ED
	-82 dBm

	CCA time slot
	20 us

	Cyclic Prefix
	Normal CP

	HARQ scheme
	Chase combining
Maximum retransmission number = 4

	Overhead assumption
	PDCCH: 1 OFDM symbol
CRS: 1 port (antenna port 0)
DMRS: 1 port (antenna port 7)

	UE scheduler
	Proportional Fairness

	File scheduler
	FIFO



Appendix B
B.1) C.D.F. of UPT for indoor scenario
[image: ]
Figure B1: C.D.F. of DL UPT in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

[image: ]
Figure B2: C.D.F. of UL UPT in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

B.2) C.D.F. of delay for indoor scenario
[image: ]
Figure B3: C.D.F. of DL delay in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

[image: ]
Figure B4: C.D.F. of UL delay in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

B.3) C.D.F. of UPT for outdoor scenario
[image: ]
Figure B5: C.D.F. of DL UPT in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

[image: ]
Figure B6: C.D.F. of UL UPT in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

B.4) C.D.F. of delay for outdoor scenario
[image: ]
Figure B7: C.D.F. of DL delay in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic

[image: ]
Figure B8: C.D.F. of UL delay in DL+UL Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic


Appendix C: Coexistence evaluation results for DL-only WiFi with DL only LAA
C.1)	Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic
[bookmark: _Ref413359127]Table C.1: Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic
	Sharp
	2
	
UPT CDF
[Mbps]
	5%
	9.94 
	35.53 
	27.80 
	1.81 
	28.30 
	17.80 
	0.22 
	18.18 
	2.88 

	
	
	
	50%
	41.60 
	60.45 
	52.15 
	26.84 
	55.85 
	43.14 
	5.99 
	47.55 
	29.42 

	
	
	
	95%
	67.64 
	77.22 
	75.92 
	57.05 
	73.18 
	66.53 
	35.55 
	66.40 
	55.21 

	
	
	
	Mean
	40.58 
	58.88 
	51.90 
	27.27 
	53.81 
	42.85 
	10.49 
	45.47 
	29.41 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.045 
	0.081 
	0.048 
	0.046 

	
	
	
	50%
	0.108 
	0.065 
	0.086 
	0.181 
	0.073 
	0.109 
	0.526 
	0.091 
	0.187 

	
	
	
	95%
	0.731 
	0.197 
	0.370 
	1.875 
	0.271 
	0.663 
	4.111 
	0.425 
	1.509 

	
	
	
	Mean
	0.219 
	0.087 
	0.128 
	0.461 
	0.107 
	0.206 
	1.094 
	0.148 
	0.410 

	
	
	𝜌
	0.97 
	0.99 
	0.99 
	0.93 
	0.99 
	0.99 
	0.74 
	0.99 
	0.95 

	
	
	BO
	0.22 
	0.12 
	0.17 
	0.39 
	0.16 
	0.25 
	0.66 
	0.23 
	0.41 

	
	
	𝜆
	0.6
	0.7
	0.85

	
	Additional comments: 
LBT category: 2
Additional information: LBT algorithm according to LBT scheme 1 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp
	3
	
UPT CDF
[Mbps]
	5%
	9.94 
	27.65 
	24.74 
	1.81 
	18.55 
	8.75 
	0.22 
	7.58 
	0.44 

	
	
	
	50%
	41.60 
	57.66 
	49.65 
	26.84 
	50.27 
	38.20 
	5.99 
	35.68 
	19.50 

	
	
	
	95%
	67.64 
	76.27 
	72.53 
	57.05 
	70.90 
	62.02 
	35.55 
	62.30 
	46.91 

	
	
	
	Mean
	40.58 
	55.96 
	48.99 
	27.27 
	48.10 
	37.70 
	10.49 
	35.33 
	20.59 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.045 
	0.048 
	0.048 
	0.045 
	0.081 
	0.048 
	0.046 

	
	
	
	50%
	0.108 
	0.069 
	0.093 
	0.181 
	0.087 
	0.131 
	0.526 
	0.130 
	0.277 

	
	
	
	95%
	0.731 
	0.243 
	0.410 
	1.875 
	0.393 
	0.957 
	4.111 
	0.842 
	2.550 

	
	
	
	Mean
	0.219 
	0.099 
	0.143 
	0.461 
	0.138 
	0.282 
	1.094 
	0.256 
	0.625 

	
	
	𝜌
	0.97 
	0.99 
	0.99 
	0.93 
	0.99 
	0.97 
	0.74 
	0.98 
	0.87 

	
	
	BO
	0.22 
	0.13 
	0.18 
	0.39 
	0.19 
	0.29 
	0.66 
	0.31 
	0.52 

	
	
	𝜆
	0.6 
	0.7 
	0.85 

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 2 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp
	3
	
UPT CDF
[Mbps]
	5%
	9.94 
	13.39 
	17.21 
	1.81 
	6.42 
	5.36 
	0.22 
	1.28 
	0.64 

	
	
	
	50%
	41.60 
	46.07 
	49.84 
	26.84 
	35.34 
	36.39 
	5.99 
	21.50 
	15.49 

	
	
	
	95%
	67.64 
	71.72 
	75.83 
	57.05 
	63.68 
	64.67 
	35.55 
	53.60 
	49.50 

	
	
	
	Mean
	40.58 
	44.59 
	48.57 
	27.27 
	35.44 
	35.54 
	10.49 
	23.61 
	19.17 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.043 
	0.048 
	0.048 
	0.043 
	0.081 
	0.052 
	0.044 

	
	
	
	50%
	0.108 
	0.096 
	0.092 
	0.181 
	0.130 
	0.144 
	0.526 
	0.215 
	0.319 

	
	
	
	95%
	0.731 
	0.512 
	0.477 
	1.875 
	0.885 
	1.153 
	4.111 
	1.834 
	2.726 

	
	
	
	Mean
	0.219 
	0.181 
	0.160 
	0.461 
	0.264 
	0.320 
	1.094 
	0.482 
	0.693 

	
	
	𝜌
	0.97 
	0.98 
	0.98 
	0.93 
	0.97 
	0.97 
	0.74 
	0.92 
	0.88 

	
	
	BO
	0.22 
	0.19 
	0.19 
	0.39 
	0.29 
	0.31 
	0.66 
	0.44 
	0.53 

	
	
	𝜆
	0.6 
	0.7 
	0.85 

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 3 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.



C.2)	Indoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and FTP traffic
Table C.2: Indoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and FTP traffic
	Sharp 
	2
	
UPT CDF
[Mbps]
	5%
	27.07 
	27.80 
	6.07 
	6.62 
	0.45 
	0.22 

	
	
	
	50%
	53.04 
	53.49 
	39.28 
	39.17 
	9.97 
	10.73 

	
	
	
	95%
	76.77 
	77.99 
	72.66 
	68.98 
	63.15 
	66.57 

	
	
	
	Mean
	52.37 
	53.19 
	39.46 
	38.50 
	18.38 
	20.59 

	
	
	
Delay CDF
[s]
	5%
	0.045 
	0.045 
	0.045 
	0.045 
	0.047 
	0.047 

	
	
	
	50%
	0.080 
	0.077 
	0.119 
	0.126 
	0.429 
	0.361 

	
	
	
	95%
	0.415 
	0.425 
	1.155 
	1.090 
	4.109 
	3.867 

	
	
	
	Mean
	0.135 
	0.135 
	0.295 
	0.294 
	1.021 
	0.953 

	
	
	𝜌
	0.99 
	0.99 
	0.97 
	0.97 
	0.82 
	0.80 

	
	
	BO
	0.20 
	0.21 
	0.36 
	0.36 
	0.69 
	0.65 

	
	
	𝜆
	0.8
	1
	1.3

	
	Additional comments: 
LBT category: 2
Additional information: LBT algorithm according to LBT scheme 1 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp 
	3
	
UPT CDF
[Mbps]
	5%
	25.79 
	25.73 
	8.32 
	8.59 
	0.26 
	0.24 

	
	
	
	50%
	46.35 
	47.16 
	30.09 
	28.46 
	5.99 
	5.55 

	
	
	
	95%
	65.89 
	68.44 
	54.16 
	52.57 
	40.22 
	40.08 

	
	
	
	Mean
	46.37 
	47.36 
	30.47 
	29.34 
	11.50 
	11.17 

	
	
	
Delay CDF
[s]
	5%
	0.045 
	0.045 
	0.046 
	0.046 
	0.074 
	0.075 

	
	
	
	50%
	0.094 
	0.092 
	0.167 
	0.185 
	0.566 
	0.602 

	
	
	
	95%
	0.422 
	0.424 
	1.030 
	1.085 
	4.623 
	4.439 

	
	
	
	Mean
	0.145 
	0.146 
	0.315 
	0.332 
	1.237 
	1.227 

	
	
	𝜌
	0.99 
	0.99 
	0.97 
	0.97 
	0.78 
	0.76 

	
	
	BO
	0.22 
	0.22 
	0.39 
	0.40 
	0.71 
	0.70 

	
	
	𝜆
	0.8
	1
	1.3

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 2 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp 
	3
	
UPT CDF
[Mbps]
	5%
	26.41 
	26.35 
	10.06 
	8.50 
	0.36 
	0.30 

	
	
	
	50%
	45.67 
	45.84 
	27.90 
	27.46 
	5.48 
	4.76 

	
	
	
	95%
	67.82 
	67.04 
	51.37 
	51.25 
	32.38 
	33.42 

	
	
	
	Mean
	46.20 
	46.19 
	28.75 
	28.34 
	9.47 
	8.89 

	
	
	
Delay CDF
[s]
	5%
	0.043 
	0.043 
	0.044 
	0.044 
	0.097 
	0.098 

	
	
	
	50%
	0.099 
	0.100 
	0.188 
	0.198 
	0.644 
	0.683 

	
	
	
	95%
	0.397 
	0.409 
	0.917 
	1.019 
	4.240 
	4.454 

	
	
	
	Mean
	0.145 
	0.147 
	0.305 
	0.325 
	1.210 
	1.290 

	
	
	𝜌
	0.99 
	0.99 
	0.98 
	0.97 
	0.81 
	0.78 

	
	
	BO
	0.22 
	0.22 
	0.39 
	0.39 
	0.71 
	0.70 

	
	
	𝜆
	0.8
	1
	1.3

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 3 as described in R1-151010. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.




C.3)	Outdoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic
Table C.3: Outdoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and FTP traffic
	Sharp 
	2
	
UPT CDF
[Mbps]
	5%
	2.73 
	13.74 
	14.52 
	0.08 
	2.39 
	0.82 
	0.03 
	0.80 
	0.03 

	
	
	
	50%
	35.38 
	56.37 
	52.02 
	9.69 
	34.96 
	21.71 
	4.72 
	26.68 
	8.55 

	
	
	
	95%
	79.45 
	82.60 
	87.16 
	51.32 
	73.48 
	61.52 
	38.09 
	66.82 
	47.12 

	
	
	
	Mean
	37.00 
	53.33 
	50.96 
	15.63 
	36.38 
	25.31 
	10.07 
	29.14 
	14.31 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.045 
	0.060 
	0.048 
	0.046 
	0.081 
	0.049 
	0.056 

	
	
	
	50%
	0.117 
	0.073 
	0.084 
	0.319 
	0.119 
	0.221 
	0.460 
	0.154 
	0.418 

	
	
	
	95%
	1.072 
	0.381 
	0.445 
	3.209 
	1.066 
	1.912 
	4.017 
	1.438 
	3.751 

	
	
	
	Mean
	0.293 
	0.137 
	0.149 
	0.772 
	0.288 
	0.504 
	0.994 
	0.381 
	0.935 

	
	
	𝜌
	0.96 
	0.99 
	0.99 
	0.77 
	0.95 
	0.91 
	0.67 
	0.92 
	0.76 

	
	
	BO
	0.18 
	0.09 
	0.10 
	0.48 
	0.23 
	0.35 
	0.62 
	0.33 
	0.56 

	
	
	𝜆
	0.3
	0.45
	0.55

	
	Additional comments: 
LBT category: 2
Additional information: LBT algorithm according to LBT scheme 1 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp 
	3
	
UPT CDF
[Mbps]
	5%
	2.73 
	12.46 
	12.50 
	0.08 
	2.35 
	0.39 
	0.03 
	0.79 
	0.01 

	
	
	
	50%
	35.38 
	56.03 
	46.69 
	9.69 
	33.56 
	17.89 
	4.72 
	25.22 
	6.47 

	
	
	
	95%
	79.45 
	82.59 
	83.54 
	51.32 
	72.90 
	55.36 
	38.09 
	65.37 
	41.35 

	
	
	
	Mean
	37.00 
	52.87 
	46.68 
	15.63 
	35.35 
	21.94 
	10.07 
	28.08 
	11.92 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.045 
	0.060 
	0.048 
	0.050 
	0.081 
	0.049 
	0.064 

	
	
	
	50%
	0.117 
	0.074 
	0.095 
	0.319 
	0.124 
	0.252 
	0.460 
	0.163 
	0.467 

	
	
	
	95%
	1.072 
	0.407 
	0.491 
	3.209 
	1.141 
	2.290 
	4.017 
	1.601 
	4.063 

	
	
	
	Mean
	0.293 
	0.142 
	0.163 
	0.772 
	0.308 
	0.580 
	0.994 
	0.406 
	1.017 

	
	
	𝜌
	0.96 
	0.99 
	0.99 
	0.77 
	0.95 
	0.88 
	0.67 
	0.92 
	0.71 

	
	
	BO
	0.18 
	0.10 
	0.11 
	0.48 
	0.24 
	0.38 
	0.62 
	0.34 
	0.60 

	
	
	𝜆
	0.3 
	0.45 
	0.55 

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 2 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp 
	3
	
UPT CDF
[Mbps]
	5%
	2.73 
	9.27 
	13.55 
	0.08 
	0.99 
	0.58 
	0.03 
	0.37 
	0.03 

	
	
	
	50%
	35.38 
	48.97 
	53.03 
	9.69 
	25.86 
	19.59 
	4.72 
	18.42 
	8.45 

	
	
	
	95%
	79.45 
	82.55 
	89.18 
	51.32 
	69.19 
	60.83 
	38.09 
	60.58 
	45.81 

	
	
	
	Mean
	37.00 
	48.15 
	51.79 
	15.63 
	29.31 
	23.94 
	10.07 
	22.66 
	14.02 

	
	
	
Delay CDF
[s]
	5%
	0.048 
	0.048 
	0.043 
	0.060 
	0.049 
	0.049 
	0.081 
	0.054 
	0.061 

	
	
	
	50%
	0.117 
	0.084 
	0.080 
	0.319 
	0.159 
	0.223 
	0.460 
	0.207 
	0.396 

	
	
	
	95%
	1.072 
	0.521 
	0.405 
	3.209 
	1.610 
	2.142 
	4.017 
	2.241 
	3.519 

	
	
	
	Mean
	0.293 
	0.172 
	0.144 
	0.772 
	0.405 
	0.536 
	0.994 
	0.530 
	0.881 

	
	
	𝜌
	0.96 
	0.99 
	0.99 
	0.77 
	0.93 
	0.90 
	0.67 
	0.88 
	0.76 

	
	
	BO
	0.18 
	0.11 
	0.10 
	0.48 
	0.30 
	0.36 
	0.62 
	0.40 
	0.55 

	
	
	𝜆
	0.3 
	0.45 
	0.55 

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 3 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.




C.4)	Outdoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and FTP traffic
Table C.4: Outdoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier and FTP traffic
	Sharp
	2
	
UPT CDF
[Mbps]
	5%
	2.79 
	4.40 
	0.00 
	0.00 
	0.00 
	0.00 

	
	
	
	50%
	47.04 
	48.35 
	26.20 
	25.30 
	13.64 
	8.34 

	
	
	
	95%
	78.83 
	78.99 
	65.49 
	63.38 
	54.92 
	48.93 

	
	
	
	Mean
	45.23 
	46.28 
	28.06 
	27.40 
	18.94 
	14.79 

	
	
	
Delay CDF
[s]
	5%
	0.045 
	0.045 
	0.046 
	0.046 
	0.047 
	0.048 

	
	
	
	50%
	0.088 
	0.085 
	0.151 
	0.171 
	0.239 
	0.345 

	
	
	
	95%
	0.718 
	0.625 
	1.670 
	2.040 
	2.906 
	3.698 

	
	
	
	Mean
	0.235 
	0.200 
	0.413 
	0.477 
	0.666 
	0.865 

	
	
	𝜌
	0.93 
	0.93 
	0.79 
	0.83 
	0.66 
	0.62 

	
	
	BO
	0.22 
	0.21 
	0.44 
	0.44 
	0.61 
	0.67 

	
	
	𝜆
	0.5
	0.7
	0.9

	
	Additional comments: 
LBT category: 2
Additional information: LBT algorithm according to LBT scheme 1 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp
	3
	
UPT CDF
[Mbps]
	5%
	14.65 
	12.22 
	1.49 
	1.26 
	0.19 
	0.04 

	
	
	
	50%
	43.77 
	44.06 
	25.21 
	23.71 
	13.31 
	8.76 

	
	
	
	95%
	72.89 
	72.22 
	54.90 
	54.31 
	44.56 
	39.91 

	
	
	
	Mean
	43.90 
	43.42 
	26.55 
	25.08 
	16.42 
	13.10 

	
	
	
Delay CDF
[s]
	5%
	0.046 
	0.046 
	0.050 
	0.051 
	0.063 
	0.067 

	
	
	
	50%
	0.101 
	0.100 
	0.190 
	0.209 
	0.334 
	0.421 

	
	
	
	95%
	0.468 
	0.527 
	1.469 
	1.608 
	3.091 
	3.497 

	
	
	
	Mean
	0.164 
	0.182 
	0.409 
	0.440 
	0.772 
	0.897 

	
	
	𝜌
	0.98 
	0.98 
	0.93 
	0.92 
	0.83 
	0.75 

	
	
	BO
	0.17 
	0.18 
	0.37 
	0.39 
	0.56 
	0.62 

	
	
	𝜆
	0.5
	0.7
	0.9

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 2 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.

	Sharp
	3
	
UPT CDF
[Mbps]
	5%
	16.42 
	15.05 
	2.51 
	2.15 
	0.20 
	0.12 

	
	
	
	50%
	45.19 
	45.21 
	27.45 
	26.26 
	13.39 
	12.05 

	
	
	
	95%
	75.08 
	73.19 
	56.72 
	57.53 
	44.59 
	44.17 

	
	
	
	Mean
	45.42 
	45.00 
	28.17 
	27.31 
	16.48 
	15.88 

	
	
	
Delay CDF
[s]
	5%
	0.043 
	0.043 
	0.049 
	0.050 
	0.064 
	0.063 

	
	
	
	50%
	0.098 
	0.097 
	0.175 
	0.186 
	0.326 
	0.336 

	
	
	
	95%
	0.378 
	0.410 
	1.210 
	1.259 
	2.877 
	3.008 

	
	
	
	Mean
	0.148 
	0.158 
	0.355 
	0.369 
	0.730 
	0.745 

	
	
	𝜌
	0.98 
	0.98 
	0.95 
	0.94 
	0.83 
	0.82 

	
	
	BO
	0.16 
	0.16 
	0.34 
	0.35 
	0.55 
	0.56 

	
	
	𝜆
	0.5
	0.7
	0.9

	
	Additional comments: 
LBT category: 3
Additional information: LBT algorithm according to LBT scheme 3 as described in R1-151011. Sensing threshold = -82 dBm (intra and inter-RAT detection according to this threshold for LAA, WiFi does preamble detection as well). ECCA slot length =  CCA slot length = 20 us. No defer period. No inter-operator synchronization (random timing). Results without licensed carrier, TXOP and maximum duration time for LAA = 4ms. Other details: 1Tx2Rx, LDPC for WiFi, WiFi DL only with ACK modeled, 256 QAM implemented.
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