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1
Introduction
In the LAA SI conclusion, it was agreed to use a Cat 4 LBT scheme with variable window size for channel access. In this document, we discuss the details of the DL LBT operation for LAA including a proposed trigger mechanism by counting the number of busy periods between transmissions for adapting the window size.
2
Contention window adaptation
The value of q may be updated after the completion of transmission based on the channel conditions at the initiating or (possible multiple) responding UEs. When adapting the value of q, the eNB should ensure that all the equipment obtain a fair share of medium access opportunities for itself and for all the UEs it schedules while maximizing the overall medium utilization and minimizing the probability of collision with transmission from other nodes.
In LAA, the eNB may schedule multiple UEs in a given subframe and different sets of UEs in different subframes. In addition, LTE uses HARQ and high first retransmission error rate and up to 3 retransmissions to operate at peak capacity and uses CQI feedback to adapt to the fast channel and interference variation. In addition the ACK/NACK report in LAA is delayed considerably even when transmitted on the licensed carrier. Thus, the defining the success or failure of each transmission to adapt the contention window size may not be ideal for LAA.
In [1], we proposed an alternative algorithm based on the number of interruptions per transmission (IPT) for adapting the contention window size for LAA eNBs, which we recall as follows. An interruption is defined as observing a channel to be busy until the channel is idle again if the eNB is in countdown state or idle state. In particular, IPT is the number of interruptions between two successive transmission attempts if the eNB is in countdown state, or the number of interruptions between the reception of the packet and the first transmission attempt after the packet reception if the eNB is in idle state. A target value of q (denoted by q_target) is determined by using a calibration curve which provides a relationship between the number of interruptions and the expected contention window size. 
The observed number of channel interruptions are then used to determine the target window size. If the target window size is larger than the current window size, then the contention window size is increased and if the target window size is smaller than the current window size, the contention window size for attempting the next transmission is reduced. The contention window size may be filtered to reduce the variation between each successive transmission. 
Such a scheme does not depend on any technology specific elements and only uses the number of the times the channel is detected as busy between transmissions to adjust the window size. In the following coexistence evaluation under 3GPP assumptions, we show that the IPT-based contention window adaptation, as an example of the adaptation triggered by the eNB sensing, can provide fair coexistence between Wi-Fi and LAA. 
2.1 Simulation assumptions
Wi-Fi nodes adapt the contention window using an exponential backoff rule based on collisions, and LAA nodes adapt the contention window using an IPT rule based on the measurements of interruptions. In particular, the IPT rule used by LAA is as follows.

1. After each transmission attempt (either success or collision), the node measure the IPT between the last successive transmission attempts, and the measurement is denoted by IPT_measure.
2.  The node uses the calibration curve q_target = q_min + q_slope*IPT_meausure to determine the target contention window size q_target, where q_min is the minimum contention window size for LAA, and q_slope is the linear scaling coefficient, also called the rate of q change.
3. Let q_current be the current contention window size, and q_next be the contention window size for the next transmission attempt. If q_current > q_target, q_next = q_min. Otherwise, q_next = max(q_current*2, q_max), where q_max is the maximum contention window size for LAA.
In our simulation, q_min and q_max are set equal to the minimum and maximum contention window size as Wi-Fi, and the rate of q change is chosen as 3.2 based on the rule-based simulation in [1].

In the next part, we report the agreed statistics at the low, medium and high offered, where the low, medium and high loads refer to the offer rates when the buffer occupancy of the Wi-Fi operator 1 in the step 1 is respectively 20%, 40% and 60%. The simulated results do not exactly align with these buffer occupancy marks and the reported numerical values are linearly interpolated to match these marks.
2.2 Simulation results: outdoor scenario

Table 2.2-1: UPT and delay statistics in the single-channel outdoor scenario

	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
	LAA 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
	LAA 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
	LAA Opt.2

in

step 2

	UPT CDF

[Mbps]
	5%
	16.850
	16.951
	19.285
	41.091
	4.401
	5.477
	4.410
	15.761
	0.571
	0.760
	0.531
	4.697

	
	50%
	49.183
	49.745
	53.667
	90.317
	32.554
	33.572
	35.259
	62.548
	21.284
	22.913
	22.612
	40.680

	
	95%
	76.837
	76.535
	83.319
	118.299
	67.020
	65.116
	72.278
	106.755
	56.807
	56.878
	63.970
	93.463

	
	Mean
	48.347
	48.724
	53.095
	86.959
	33.963
	34.435
	36.397
	62.561
	24.051
	24.699
	25.733
	44.347

	Delay CDF

[s]
	5%
	0.250
	0.247
	0.217
	0.100
	1.094
	0.823
	1.161
	0.276
	56.850
	44.689
	66.866
	1.146

	
	50%
	0.082
	0.081
	0.075
	0.045
	0.125
	0.121
	0.115
	0.065
	0.193
	0.179
	0.183
	0.101

	
	95%
	0.052
	0.052
	0.048
	0.034
	0.060
	0.062
	0.055
	0.038
	0.071
	0.071
	0.063
	0.043

	
	Mean
	0.083
	0.083
	0.076
	0.046
	0.119
	0.117
	0.111
	0.065
	0.169
	0.165
	0.158
	0.092


	𝜌
	1.00
	1.00
	1.00
	1.00
	0.99
	0.99
	0.98
	1.00
	0.94
	0.95
	0.92
	0.98

	BO
	0.20
	0.20
	0.19
	0.10
	0.40
	0.39
	0.41
	0.21
	0.60
	0.58
	0.62
	0.38

	𝜆
	0.97 Mbps
	1.18 Mbps
	1.37 Mbps

	Company/tdoc:

LBT category: Cat. 4
Additional information: RTS-CTS switched on, Wi-Fi ED -62dBm, LAA ED -72dBm


	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
	LAA 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
	LAA 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
	LAA Opt.2

in

step 2

	UPT CDF

[Mbps]
	5%
	32.310
	34.637
	31.163
	55.642
	10.150
	8.380
	5.553
	15.164
	2.574
	1.418
	0.220
	3.399

	
	50%
	63.529
	62.955
	66.530
	90.197
	44.002
	43.497
	45.313
	65.708
	26.099
	25.537
	27.584
	44.092

	
	95%
	79.287
	79.242
	85.524
	110.725
	67.121
	66.949
	74.215
	98.677
	58.712
	57.089
	63.452
	85.990

	
	Mean
	60.519
	60.681
	63.430
	88.092
	41.730
	41.171
	43.090
	61.581
	26.955
	26.245
	28.747
	43.328

	Delay CDF

[s]
	5%
	0.138
	0.147
	0.403
	0.085
	0.607
	1.095
	8.049
	0.487
	29.114
	33.983
	40.129
	4.785

	
	50%
	0.063
	0.064
	0.061
	0.045
	0.094
	0.095
	0.091
	0.062
	0.193
	0.200
	0.175
	0.102

	
	95%
	0.051
	0.051
	0.047
	0.036
	0.060
	0.060
	0.054
	0.041
	0.069
	0.071
	0.064
	0.047

	
	Mean
	0.067
	0.066
	0.064
	0.046
	0.099
	0.101
	0.096
	0.067
	0.169
	0.175
	0.154
	0.099

	𝜌
	1.00
	1.00
	1.00
	1.00
	0.99
	0.98
	0.97
	0.99
	0.93
	0.92
	0.89
	0.96

	BO
	0.20
	0.20
	0.20
	0.14
	0.40
	0.40
	0.44
	0.32
	0.60
	0.59
	0.64
	0.48

	𝜆
	1.52 Mbps
	1.92 Mbps
	2.28 Mbps

	Company/tdoc:

LBT category: Cat. 4
Additional information:  RTS-CTS switched on, Wi-Fi ED -62dBm, LAA ED -72dBm


2.3 Simulation results: indoor scenario

Table 2.3-1: UPT and delay statistics in the single-channel indoor scenario

As aforementioned, the simulation results show that the contention window adaptation scheme based on the eNB sensing, as represented by the IPT based backoff above, can provide fair coexistence between Wi-Fi and LAA.
2.4 The impact of ACK/NACK based contention window adaptation on frequency reuse
As aforementioned, due to the HARQ design and the considerable ACK/NACK report delay in LAA, the defining the success or failure of each transmission to adapt the contention window size may not be ideal for LAA. Moreover, adapting the contention window size based on the ACK/NACK report can interrupt the coordination among eNBs for frequency reuse, which may result in effective time sharing among LAA eNBs and performance loss for LAA. We show an example in Figure 2.5.4-1 that in a single cell under the 3GPP outdoor evaluation assumptions with a single LAA operator, the per-eNB full buffered throughput when adapting the contention window based on the ACK/NACK report is considerably impacted compared to the frequency reuse-1 scheme. The contention window size adaptation based on the ACK/NACK report conditions the adjustment on the last ACK/NACK report received from the DL TxOP. If a NACK is received, the contention window size is doubled; otherwise it is reset to the minimum size. The frequency reuse among eNBs is achieved by aligning the start of transmission regardless of the state of the ACK/NACK reports. As depicted above, this exemplary scenario has no Wi-Fi nodes, and thus frequency reuse is highly desirable for the LAA operator to obtain a significant performance boost.
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Figure 2.4-1: Per-eNB full buffer throughput

2.5
Energy detection threshold
The energy detection threshold is used to determine whether the channel is busy or idle in a given slot or defer period. Currently, the energy detection threshold is given as 
TL = -75dBm/MHz + (23dBm – PH)/1MHz, 

if the transmit power is less than 23dBm and is set at -75dBm/MHz otherwise. We propose to use this formula to determine the maximum ED threshold for LAA nodes. However, LAA nodes may use a lower ED threshold by using an adaptive energy detection threshold to coexist well with WiFi nodes. Further details of the ED threshold adaptation mechanism are discussed in [2].
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Conclusions 

In this document, we have discussed the LBT scheme at the LAA eNBs operating in the unlicensed spectrum. We have revisited an eNB sensing based method to adjust the contention window size for each transmission. Simulation results based on the 3GPP evaluation assumptions demonstrate that such a method can provide fair coexistence between LAA and WiFi nodes in both outdoor and indoor scenarios. In additional to the HARQ design and the delay constraint of ACK/NACK reports in LAA that hurdle the applicability of the contention window size adaptation based on the ACK/NACK reports, we have also shown that the ACK/NACK based adaptation can impact the degree of frequency reuse, thus the performance of LAA.
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Appendix
A.1 Simulation parameters

The following parameters are assumed for WiFi for the single channel indoor and outdoor scenario
	Parameter Name
	Value

	CCA-ED
	-62dBm

	CCA-CS
	SINR of 4dB

	Defer period for backoff
	Based on AIFS

	256 QAM
	Not used

	LDPC Codes
	Used

	RTS/CTS 
	Used

	CW min
	16

	CW max
	1024

	Max TXOP
	3ms


The below set of parameters are assumed for LAA deployments for both indoor and outdoor scenarios.

	Parameter Name
	Value

	Scheduling assumption
	All traffic on unlicensed only

	CCA-ED
	-72dBm

	LBT Category
	4

	q value
	[16, 32, 64, 128, 256, 512, 1024]

	Rate of q change
	3.2

	Max TXOP
	3ms

	256 QAM 
	Not used

	CCA slot duration 
	9us

	Initial deferral duration
	43us

	Inter operator sync
	eNBs are time synchronized but channel access time may be asynchronous

	Intra and inter-RAT detection
	Not assumed
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