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[bookmark: _Ref301342314]Introduction
Substantial progress was made for the Study Item on Licensed-Assisted Access (LAA) in RAN1 WG #80bis [1] with additional simulation assumptions for DL+UL LAA.
In [2], we provided an analysis on the performance of Category 2 LBT schemes for DL-only LAA.
· Frame based LBT induces synchronized nodes from different networks to transmit simultaneously, which causes severe degradation in network performance. For TDD operators with same or adjacent TDD bands, this issue is of particular concern.
· Frame based LBT removes the control of whether all nodes in the network shall operate with reuse-one from the network operator. Depending on deployment specifics, this can cause network performance degradation.
· Frame based LBT is not a robust protocol to address deployments with unsynchronized network nodes. For nodes with unsynchronized frame timing, some nodes can have definitive advantages in getting access to the channel over some other nodes.
· Frame based LBT has difficulty competing for channel access with Wi-Fi due to substantially fewer LBT opportunities than the Wi-Fi system. This problem is particularly prominent when the Wi-Fi network with DL and UL traffic has substantially more nodes contending for the channel.
In this contribution, we investigate the coexistence performance of Wi-Fi and DL+UL LAA with a Category 2 UL FBE LBT algorithm. The UL grant transmission is based on self-scheduling with a grant delay of 4 ms.
[bookmark: _Ref410305256]Description of DL and UL LBT algorithms
LAA DL LBT algorithm
Category 4 LBT algorithm based on LBE LBT with NACK based contention window increase [6]
In addition to the main Category 3 LBT loop, the transmitter also maintains a variable contention window size CW, which is initialized to CWmin = 15. The details of the algorithm are given below.
· Whenever a random backoff counter is needed in the LBT loop,
· If the latest received HARQ feedback is NACK, CW is doubled. 
· The maximum size of the contention window is limited to CWmax = 1023. 
· If the latest received HARQ is ACK, CW is reset to CWmin.
· The random number N is drawn from [0, CW].
· The CCA slot duration T1 is reduced to 9 μs to align with Wi-Fi slot duration. 
· The transmitter can occupy the channel for 4 ms following a successful LBT attempt.
LAA UL LBT algorithm
Category 2 FBE LBT algorithm
· The first 3 OS is budgeted for a silent period and a CCA window of 20 μs right before the start of the 4th OS. If CCA is successful, the eNB transmits for 11+3×14=53 OS. Therefore, the fixed frame length is 4 ms.
Wi-Fi – LAA coexistence evaluation results and discussion
The results presented in Figure 1 and also captured in Table 1 provide an overview on the coexistence of LAA with Wi-Fi when both networks carry both DL and UL traffic. The system performance results show that not only does LAA with DL and UL traffic coexist in a friendly manner with Wi-Fi but also boosts Wi-Fi performance as compared to the case where two Wi-Fi networks coexist with each other.
However, Figure 1 also reveals that the performance of the LAA UL in this coexistence scenario is substantially inferior to that of the Wi-Fi network. The LAA UL user throughputs are 50-75% lower than those for the Wi-Fi network. This is further clarified in Figure 2. From the ratio of served over offered traffic in the uplink depicted in Figure 2 where it can be observed that the Wi-Fi network with both DL and UL traffic manages to achieve higher served traffic than the LAA network with both DL and UL traffic when the offered loads to both networks are identical. As the Wi-Fi network attempts to serve more and more UL traffic, the amount of the offered UL traffic that the LAA network is able to serve drops very fast. With Category 2 frame based LBT, the very short sensing duration of 20us could enable more frequent medium access successes. But the amount of medium access attempts is substantially limited by the specified waiting duration if the medium is sensed busy. The negative effect of the specified waiting time in Category 2 Frame based LBT is particularly critical at high load.
It should be further noted that the IEEE 802.11ax TG has recently passed the following motion on UL OFDMA operations [3]:
An UL MU PPDU (MU-MIMO or OFDMA) is sent as an immediate response (IFS TBD) to a Trigger frame (format TBD) sent by the AP.
That is, this new scheduled Wi-Fi UL mode will allow multiple transmissions to follow the grant with a short delay and without performing any LBT by any of the scheduled Wi-Fi stations. This is in addition to the reverse direction grant in the IEEE 802.11n protocol, which also allows the reverse direction transmission to follow the first transmission without LBT (within the TXOP of the first transmitter). These Wi-Fi UL transmission mechanisms will further degrade the performance of LAA with Category 2 FBE LBT designs.

Observation:
· Frame based LBT has difficulty competing for channel access with Wi-Fi due to substantially fewer LBT opportunities than the Wi-Fi system: the LAA UL user throughputs are 50-75% lower than those for the Wi-Fi network.  This problem is particularly prominent when the Wi-Fi network with DL and UL traffic has substantially more nodes contending for the channel.
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(a) [bookmark: _Ref414656375]DL user throughputs				(b) UL user throughputs

[bookmark: _Ref416444725]Figure 1:  Mean user throughputs of the indoor test scenario with FTP traffic in DL on the left and UL on the right. Each network has 4 eNBs/APs and 20 UEs. Operator B has 2 VoIP UEs. Both operator A and B networks have 50% DL and 50% UL traffic. For LAA, licensed band PCell is not used for DL traffic in this test.
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Figure 2:  Ratio of served traffic in uplink over the offered traffic in uplink.
[bookmark: _Ref414616423]
[bookmark: _Ref414616426]Table 1: Indoor deployment for Wi-Fi and LAA coexistence case with one shared unlicensed carrier and Mixed traffic. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 50/50 split. Each network has 4 eNBs/APs and 20 UEs. The non-replaced Wi-Fi network is operator B. Operator B has 2 VoIP UEs.

	
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 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%
	28.78
	26.73
	54.11
	76.09
	7.26
	8.61
	46.61
	63.23
	1.62
	1.98
	39.93
	55.77

	
	50%
	66.99
	67.23
	86.88
	102.38
	47.32
	48.1
	80.66
	96.21
	24.4
	25.91
	75.73
	90.09

	
	95%
	93.09
	93.79
	105.52
	116.08
	80.04
	82.68
	101.23
	111.85
	64.69
	66.71
	99.36
	108.27

	
	Mean
	65.97
	66.55
	86.45
	101.92
	46.2
	47.57
	80.22
	94.72
	29.71
	30.88
	75.82
	88.79

	DL:
Delay CDF
[s]
	5%
	0.038
	0.042
	0.033
	0.03
	0.04
	0.059
	0.034
	0.031
	0.047
	0.048
	0.035
	0.032

	
	50%
	0.234
	0.2
	0.047
	0.038
	0.37
	0.655
	0.054
	0.042
	1.244
	1.473
	0.064
	0.053

	
	95%
	3.28
	2.924
	0.097
	0.062
	11.493
	13.264
	0.196
	0.099
	17.307
	15.763
	0.443
	0.456

	
	Mean
	0.884
	0.872
	0.058
	0.043
	2.591
	2.984
	0.085
	0.054
	4.435
	4.492
	0.156
	0.128

	UL:
UPT CDF
[Mbps]
	5%
	24.01
	25.45
	46.58
	27.05
	6.42
	6.65
	39.15
	19.4
	1.58
	1.57
	33.73
	12.77

	
	50%
	64.33
	62.84
	82.28
	41.32
	43.33
	42.84
	76.37
	30.72
	23.23
	23.7
	71.48
	21.19

	
	95%
	90.72
	88.99
	103.4
	50.21
	77.15
	77.92
	100
	38.85
	60.65
	62.87
	96.44
	27.57

	
	Mean
	63.47
	62.4
	82.08
	41.65
	44.16
	44.07
	76.07
	30.95
	28.11
	28.75
	71.46
	21.45

	UL:
Delay CDF
[s]
	5%
	0.038
	0.039
	0.034
	0.072
	0.044
	0.041
	0.034
	0.097
	0.048
	0.055
	0.036
	0.139

	
	50%
	0.258
	0.269
	0.052
	0.101
	0.71
	0.656
	0.061
	0.142
	1.802
	1.371
	0.075
	0.223

	
	95%
	2.733
	2.992
	0.137
	0.217
	10.961
	9.273
	0.297
	0.778
	14.655
	14.784
	0.598
	1.282

	
	Mean
	0.757
	0.83
	0.07
	0.123
	2.749
	2.294
	0.12
	0.266
	4.274
	3.902
	0.198
	0.48

	VoIP outage
	0.41
	N/A
	0.18
	N/A
	0.63
	N/A
	0.2
	N/A
	0.83
	N/A
	0.27
	N/A

	VoIP outage(DL)
	0.34
	N/A
	0.18
	N/A
	0.57
	N/A
	0.2
	N/A
	0.78
	N/A
	0.26
	N/A

	VoIP outage(UL)
	0.16
	N/A
	0
	N/A
	0.28
	N/A
	0.01
	N/A
	0.52
	N/A
	0.02
	N/A

	𝜌DL
	0.95
	0.95
	1
	1
	0.81
	0.83
	1
	1
	0.67
	0.69
	1
	1

	𝜌UL
	0.96
	0.95
	1
	1
	0.85
	0.87
	1
	1
	0.75
	0.76
	1
	1

	BO
	0.2
	0.19
	0.06
	0.07
	0.4
	0.39
	0.09
	0.11
	0.6
	0.59
	0.12
	0.17

	𝜆
	0.203897
	0.246513
	0.276395

	Company/tdoc: Ericsson / R1-153127
LBT category: Category 4 DL and Category 2 UL with self-scheduling
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 20 μs
Whether or not intra and/or inter-RAT detection is assumed: only CCA-ED
Any significant deviations from evaluations methodology and assumptions:



LAA – LAA coexistence evaluation results
The coexistence evaluation results of two LAA networks are summarized in Table 2. The two networks are assumed to have synchronized subframe timing.

Observation:
· Frame based UL LBT induces synchronized nodes from different networks to transmit simultaneously, which causes severe degradation in UL performance. For TDD operators with same or adjacent TDD bands, this issue is of particular concern.

[bookmark: _Ref419040138]Table 2: Indoor deployment for LAA and LAA coexistence case with one shared unlicensed carrier. Both operator networks have DL and UL traffic with 50/50 split. Each network has 4 eNBs/APs and 20 UEs. The two networks have synchronized subframe timing. 
	
Tdoc /
Company
	
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%

	
	
	
	LAA Opt.1
	LAA Opt.2
	LAA Opt.1
	LAA Opt.2
	LAA Opt.1
	LAA Opt.2

	Ericsson / R1-153127

	Cat 4 DL, Cat 2 UL
	DL:
UPT CDF
[Mbps]
	5%
	69.79
	70.32
	53.79
	54.34
	34.55
	33.6

	
	
	
	50%
	94.34
	94.43
	75.88
	76.8
	52.42
	53.13

	
	
	
	95%
	108.98
	108.57
	92.39
	92.75
	68.88
	69.21

	
	
	
	Mean
	94.48
	94.15
	76.43
	77.14
	53.28
	53.86

	
	
	DL:
Delay CDF
[s]
	5%
	0.032
	0.032
	0.039
	0.039
	0.076
	0.077

	
	
	
	50%
	0.042
	0.041
	0.055
	0.054
	0.22
	0.207

	
	
	
	95%
	0.053
	0.055
	0.075
	0.075
	0.506
	0.507

	
	
	
	Mean
	0.043
	0.043
	0.057
	0.057
	0.264
	0.253

	
	
	UL:
UPT CDF
[Mbps]
	5%
	16.15
	15.94
	6.4
	6.39
	0.9
	0.88

	
	
	
	50%
	25.16
	25.05
	11.52
	11.52
	3.18
	3.26

	
	
	
	95%
	32.44
	32.84
	16.71
	16.45
	17.6
	13.62

	
	
	
	Mean
	25.53
	25.44
	11.93
	11.86
	5.19
	5.19

	
	
	UL:
Delay CDF
[s]
	5%
	0.119
	0.121
	0.317
	0.329
	0.418
	0.433

	
	
	
	50%
	0.18
	0.181
	0.716
	0.692
	1.464
	1.541

	
	
	
	95%
	0.262
	0.265
	1.803
	1.765
	4.105
	4.051

	
	
	
	Mean
	0.19
	0.192
	0.889
	0.895
	1.869
	1.932

	
	
	𝜌DL
	1
	1
	1
	1
	0.96
	0.96

	
	
	𝜌UL
	1
	1
	0.97
	0.97
	0.78
	0.78

	
	
	BO
	0.2
	0.2
	0.4
	0.4
	0.6
	0.6

	
	
	𝜆
	0.435144
	0.577946
	0.893606

	
	Additional comments: 
Sensing threshold used, -82 dBm
Whether defer periods are used or not: Yes
CCA and ECCA slot length: 20 μs
Inter-operator synchronization for LAA-LAA coexistence: synchronized
Whether or not intra and/or inter-RAT detection is assumed: only CCA-ED
Any significant deviations from evaluations methodology and assumptions:


Conclusions
In this contribution, we report initial coexistence evaluation results for LAA with both DL and UL traffic in indoor deployments when the Wi-Fi network supports also both UL and DL traffic. We provide an analysis of the UL LAA performance with self-scheduling. We observe the following.
Observations:
· Frame based LBT has difficulty competing for channel access with Wi-Fi due to substantially fewer LBT opportunities than the Wi-Fi system: the LAA UL user throughputs are 50-75% lower than those for the Wi-Fi network.  This problem is particularly prominent when the Wi-Fi network with DL and UL traffic has substantially more nodes contending for the channel.
· Frame based UL LBT induces synchronized nodes from different networks to transmit simultaneously, which causes severe degradation in UL performance. For TDD operators with same or adjacent TDD bands, this issue is of particular concern.
Based on the investigation, we propose the following.
Proposal:
· A category 2 frame based LBT approach should not be considered further for LAA LBT design.
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Annex A: Coexistence Evaluation Assumptions
The simulation assumptions are based on the agreed coexistence assumptions in [5]. However our simulation settings on the assumptions that remained optional or need clarifications when results are presented are provided below. In all the indoor coexistence evaluations, the transmit power of the base station in the unlicensed band is assumed to be 18 dBm. Moreover, FTP model 3 is used for generating FTP traffic.
[bookmark: _Ref414616232]Table 3: Additional Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM 

	Antenna configuration		
	2Tx2Rx, Cross-polarized 
Baseline: open loop 2x2 MIMO

	Channel coding
	LDPC

	Frame aggregation
	A-MPDU

	MPDU size
	1500B MSDU + 14 B header

	Max PPDU duration
	Baseline:< 4 ms 
(Asynchronous to LTE timing)

	MAC
	Coordination
	EDCA

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	RTS/CTS
	No

	
	Contention window
	Per EDCA

	CCA-CS
	-82dBm and preamble decoding
(Note preamble occupies the 20MHz system bandwidth with rate 1/2 coding and BPSK modulation)

	CCA-ED 
	-62dBm

	ACK Modeled (successful reception, resources utilized)
	Yes

	DL/UL Duplexing
	For the DL-only LAA coexistence evaluations:
· DL traffic only for the replaced Wi-Fi network
· DL and UL for the non-replaced Wi-Fi network 

	Rate control
	Minstrel algorithm

	Channel selection
	Based on the minimum interference level while ensuring that each unlicensed carrier is shared by two operators in each cluster

	OFDM symbol length
	4 micro second



[bookmark: _Ref414616236]Table 4: Additional LAA system evaluations assumptions
	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration	
	2Tx2Rx, Cross-polarized. 

	Transmission schemes
	Open loop 2x2 MIMO based on TM10, QPSK/16QAM/64QAM/256QAM

	Turbo code block interleaving depth
	Per LTE specs (1-14 LTE OFDM symbols dependent on MCS and PRB allocation)

	Scheduling
	Proportional fair

	Link adaptation
	Realistic

	CCA-ED
	-82 dBm

	Cyclic Prefix
	Normal
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