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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 evaluated coexistence of Wi-Fi and DL+UL LAA with a regular Cat 3 UL LBT algorithm. We found that DL+UL LAA with Cat 3 UL LBT can coexist in a fair manner with Wi-Fi by enabling the non-replaced Wi-Fi network to achieve better performance than when operating on the channel with another Wi-Fi network. However, we also identified several issues for further study:
The LTE/LAA UL transmission, when being self-scheduled from the eNB, requires two successful LBT procedures to commence transmission: the eNB needs to succeed at sending the UL grant and the scheduled UE needs to succeed in initiating UL transmissions. In the Wi-Fi network, UL transmissions are initiated by the mobile units autonomously. This results in the following behavior.
· 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.
It is concluded that further study is needed to enhance LAA UL transmission success rates while considering the performance of both LAA and coexisting Wi-Fi networks. Examples include faster LBT for UL transmissions and/or control signaling for UL grants.
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).
In light of these findings, we investigate in this contribution the coexistence performance of Wi-Fi and DL+UL LAA with a shorter Cat 4 UL 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 4 LBT algorithm based on LBE LBT with NACK based contention window increase [6]
· Same as in the DL except CWmin = 7 and CWmax =15
This set of minimum and maximum CW is the same as that for the voice access class in Wi-Fi EDCA.
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 LAA uses shorter Category 4 UL LBT. Both networks carry both DL and UL traffic. Figure 1 shows that fair coexistence between Wi-Fi and LAA with both UL and DL traffic is ensured. However, Figure 1 also reveals that the performance of the shorter Cat 4 LAA UL in this coexistence scenario can be further improved. This is further clarified in Figure 2. From the ratio of served over offered traffic in the uplink depicted in Figure 2, 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. However, compared to the results shown in [2], a short Cat 4 UL LBT for LAA enables to reduce the gap in the amount of traffic served by the Wi-Fi and LAA networks in the uplink. 
Some of the major elements which make LAA a good neighbor to Wi-Fi in the unlicensed band where both technologies have to share the medium are discussed in the following. The LAA uplink traffic is scheduled by the LAA eNBs, which reduces the number of contending nodes at any given time. In the Wi-Fi network, all UEs with non-empty UL buffer contend for access to the medium. In contrast, in the LAA network, only the few LAA UEs that are scheduled at a given time attempt to access the medium. LTE, as compared to Wi-Fi, has more robust interference mitigation, error correction and retransmission schemes which result in greater efficiency in serving the traffic and reducing resource utilization thus providing more opportunities for other systems to access the medium. LAA uses the same sensing threshold irrespective of transmissions from LAA or Wi-Fi nodes as opposed to Wi-Fi which uses a higher sensing threshold for LAA as compared to Wi-Fi.

Observations:
· A DL+UL LAA network operating Category 4 DL LBT and shorter Category 4 UL LBT algorithms can coexist with a Wi-Fi network. 
· A shorter Category 4 UL LBT for LAA enables the reduction of the gap in the amount of traffic served by the Wi-Fi and LAA networks in the uplink.
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(a) 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 also 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
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[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%
	28.780
	26.730
	47.590
	69.3700
	7.2600
	8.6100
	36.650
	56.140
	1.6200
	1.9800
	25.190
	37.9300

	
	50%
	66.990
	67.230
	82.770
	99.4800
	47.320
	48.100
	74.640
	92.020
	24.400
	25.910
	65.280
	81.4300

	
	95%
	93.090
	93.790
	101.69
	114.110
	80.040
	82.680
	95.530
	109.79
	64.690
	66.710
	90.690
	103.870

	
	Mean
	65.970
	66.550
	81.510
	98.5200
	46.200
	47.570
	73.990
	91.030
	29.710
	30.880
	63.710
	78.840

	DL:
Delay CDF
[s]
	5%
	0.0380
	0.0420
	0.0340
	0.0300
	0.0400
	0.0590
	0.0370
	0.0320
	0.0470
	0.0480
	0.0400
	0.0360

	
	50%
	0.2340
	0.2000
	0.0520
	0.0400
	0.3700
	0.6550
	0.0630
	0.0460
	1.2440
	1.4730
	0.1080
	0.0770

	
	95%
	3.2800
	2.9240
	0.1500
	0.0960
	11.493
	13.264
	0.3150
	0.3080
	17.307
	15.763
	1.3780
	0.6990

	
	Mean
	0.8840
	0.8720
	0.1020
	0.0510
	2.5910
	2.9840
	0.1170
	0.0950
	4.4350
	4.4920
	0.4420
	0.2150

	UL:
UPT CDF
[Mbps]
	5%
	24.010
	25.450
	40.360
	50.150
	6.4200
	6.6500
	30.850
	34.940
	1.5800
	1.5700
	19.850
	19.800

	
	50%
	64.330
	62.840
	77.680
	71.360
	43.330
	42.840
	70.050
	58.110
	23.230
	23.700
	59.650
	42.010

	
	95%
	90.720
	88.990
	100.94
	85.000
	77.150
	77.920
	94.700
	72.790
	60.650
	62.870
	87.940
	55.780

	
	Mean
	63.470
	62.400
	77.340
	71.160
	44.160
	44.070
	69.220
	57.660
	28.110
	28.750
	58.560
	41.060

	UL:
Delay CDF
[s]
	5%
	0.0380
	0.0390
	0.0340
	0.0410
	0.0440
	0.0410
	0.0370
	0.0490
	0.0480
	0.0550
	0.0420
	0.0660

	
	50%
	0.2580
	0.2690
	0.0570
	0.0590
	0.7100
	0.6560
	0.0750
	0.0830
	1.8020
	1.3710
	0.1400
	0.1860

	
	95%
	2.7330
	2.9920
	0.2120
	0.1580
	10.961
	9.2730
	0.4090
	0.3810
	14.655
	14.784
	1.7730
	2.7510

	
	Mean
	0.7570
	0.8300
	0.1140
	0.0850
	2.7490
	2.2940
	0.1950
	0.2020
	4.2740
	3.9020
	0.5350
	0.7610

	VoIP outage
	0.4100
	N/A
	0.1800
	N/A
	0.6300
	N/A
	0.2000
	N/A
	0.8300
	N/A
	0.3100
	N/A

	VoIP outage(DL)
	0.3400
	N/A
	0.1800
	N/A
	0.5700
	N/A
	0.2000
	N/A
	0.7800
	N/A
	0.3100
	N/A

	VoIP outage(UL)
	0.1600
	N/A
	0
	N/A
	0.2800
	N/A
	0.0100
	N/A
	0.5200
	N/A
	0.0900
	N/A

	𝜌DL
	0.9500
	0.9500
	1.0000
	1.0000
	0.8100
	0.8300
	1.0000
	1.0000
	0.6700
	0.6900
	0.9900
	0.9900

	𝜌UL
	0.9600
	0.9500
	1.0000
	1.0000
	0.8500
	0.8700
	1.0000
	0.9900
	0.7500
	0.7600
	0.9800
	0.9600

	BO
	0.2000
	0.1900
	0.0700
	0.0600
	0.4000
	0.3900
	0.1100
	0.0900
	0.6000
	0.5900
	0.1900
	0.1700

	𝜆
	0.203897
	0.246513
	0.276395

	Company/tdoc: Ericsson / R1-153129
LBT category: Category 4 on DL and UL with self-scheduling
Additional information:
Sensing threshold used: -82 dBm
Whether defer periods are used or not: yes
CCA and ECCA slot length: 9 μs
Whether or not intra and/or inter-RAT detection is assumed: only CCA-ED
Any significant deviations from evaluations methodology and assumptions: DL CWmin=15, DL CWmax=1023, UL CWmin=7, UL CWmax=15



LAA – LAA coexistence evaluation results
The coexistence evaluation results of two LAA networks are summarized in Table 2.

Observation:
· DL+UL LAA networks operating Category 4 DL LBT and shorter Category 4 UL LBT algorithms can coexist with each other.

[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 / R1-153129

	Cat 4 DL, Cat 4 UL
	DL:
UPT CDF
[Mbps]
	5%
	46.54
	47.01
	27.56
	27.04
	16.95
	17.09

	
	
	
	50%
	73.94
	74.03
	50.42
	52.43
	32.96
	34.3

	
	
	
	95%
	91.88
	92.03
	72.55
	71.55
	51.06
	50.76

	
	
	
	Mean
	74.16
	74.33
	52.45
	52.96
	34.81
	35.39

	
	
	DL:
Delay CDF
[s]
	5%
	0.04
	0.041
	0.051
	0.054
	0.08
	0.08

	
	
	
	50%
	0.061
	0.061
	0.094
	0.092
	0.149
	0.145

	
	
	
	95%
	0.097
	0.098
	0.162
	0.154
	0.27
	0.257

	
	
	
	Mean
	0.066
	0.066
	0.104
	0.102
	0.166
	0.164

	
	
	UL:
UPT CDF
[Mbps]
	5%
	22.77
	23.28
	6.97
	7.05
	1.61
	1.65

	
	
	
	50%
	39.13
	38.7
	17.46
	16.95
	5.76
	5.58

	
	
	
	95%
	51.12
	50.58
	26.69
	27.55
	11.82
	12.13

	
	
	
	Mean
	39.66
	39.11
	17.98
	17.73
	6.5
	6.42

	
	
	UL:
Delay CDF
[s]
	5%
	0.077
	0.079
	0.154
	0.154
	0.437
	0.453

	
	
	
	50%
	0.133
	0.136
	0.331
	0.355
	1.455
	1.586

	
	
	
	95%
	0.254
	0.27
	0.956
	1.012
	5.205
	5.135

	
	
	
	Mean
	0.153
	0.157
	0.453
	0.475
	2.175
	2.249

	
	
	𝜌DL
	1
	1
	1
	1
	1
	1

	
	
	𝜌UL
	1
	1
	0.99
	0.99
	0.84
	0.83

	
	
	BO
	0.2
	0.2
	0.4
	0.4
	0.6
	0.6

	
	
	𝜆
	0.512869
	0.662242
	0.798057

	
	Additional comments: 
Sensing threshold used, -82 dBm
Whether defer periods are used or not: Yes
CCA and ECCA slot length: 9 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: DL CWmin=15, DL CWmax=1023, UL CWmin=7, UL CWmax=15


Conclusions
In this contribution, we report coexistence evaluation results when the shorter Cat 4 LBT is used for LAA uplink transmission. Both LAA and Wi-Fi networks have UL and DL traffic and the non-replaced WiFi network has VoIP users as well. We provide an analysis of the UL LAA performance with self-scheduling. We observe the following.
Observations:
· A DL+UL LAA network operating Category 4 DL LBT and shorter Category 4 UL LBT algorithms can coexist with a Wi-Fi network both in terms of FTP and VoIP performance.
· A shorter Category 4 UL LBT for LAA enables the reduction of the gap in the amount of traffic served by the Wi-Fi and LAA networks in the uplink.
· DL+UL LAA networks operating Category 4 DL LBT and shorter Category 4 UL LBT algorithms can coexist with each other. 
Based on the investigation, we propose the following.
Proposal:
· Shorter Category 4 UL LBT should be considered as an option for improving LAA UL performance while maintaining fair coexistence with a Wi-Fi network.

References
[bookmark: _Ref410045778][bookmark: _Ref410036379][bookmark: _Ref399149024]Chairman’s notes, 3GPP RAN1 WG #80bis
[bookmark: _Ref419027479][bookmark: _Ref416354120][bookmark: _Ref414538122][bookmark: _Ref410065071]R1-152109 Coexistence Evaluation Results for DL+UL LAA and Wi-Fi, Ericsson
[bookmark: _Ref419041983]IEEE TGax March 2015 Minutes 11-15/0309r0.
Section 9.25 “Reverse Direction Protocol” IEEE Std 802.11-2012, Part II: Wireless LAN MAC and PHY Specifications
[bookmark: _Ref419039426][bookmark: _Ref410045854]R1-150584 Further details on LBT design in DL for LAA, Ericsson
[bookmark: _Ref416437202]R1-151996 Discussion on LBT Protocols, Ericsson
3GPP TR 36.899 Study on Licensed-Assisted Access to Unlicensed Spectrum, v.0.4.0

[bookmark: _Ref414615454]Appendix
Annex A: Coexistence Evaluation Assumptions
The simulation assumptions are based on the agreed coexistence assumptions in [5]. However our preferences 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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