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[bookmark: _Ref301342314]Introduction
Substantial progress was made for the Study Item on Licensed-Assisted Access (LAA) [1] in RAN1 WG #79 [2]. In this contribution, we report the coexistence evaluation results for the LAA solution without UL transmissions discussed in [3] for the indoor scenarios.
Coexistence Evaluation Assumptions
The coexistence methodology agreed in RAN1#78bis [4] is the following:
Agreements:
· Wi-Fi-LAA coexistence
· 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.
· Performance metrics for the Wi-Fi operator common to the two steps are compared.
· LAA-LAA coexistence
· Performance metrics for two LAA operators coexisting in a given evaluation scenario are evaluated and recorded.
· Performance metrics for the two LAA operators are compared.

The above agreed methodology is used for the coexistence evaluations. Briefly, in the Wi-Fi and LAA coexistence scenario, in the first step Operator A and B both use Wi-Fi. In the second step, operator A and its corresponding UEs are replaced by an LAA operator and LAA UEs while operator B and its UEs remain unchanged. In the LAA-LAA coexistence scenario both operators that coexist with each other are LAA networks.
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.
Additionally, the LBT algorithm used for LAA is based on the proposed load-based algorithm presented in [3] where the LAA CCA starts and resumes at the subframe boundaries. In more detail, if LBT succeeds before the 4th OFDM symbol in a subframe the channel is occupied by the LAA node by reservation signals until the 4th OFDM symbol and then followed by data transmission from the 4th OFDM symbol in that subframe. If the LBT fails by the 4th OFDM symbol in a subframe, the random backoff counter is frozen and the CCA is deferred to the next subframe boundary where the CCA count down is resumed. A maximum channel occupancy time of 4ms is assumed for LAA. Finally, Table 1 and Table 2 capture our assumptions for Wi-Fi and LAA systems.
[bookmark: _Ref410295853]Table 1 Additional Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM 

	Antenna configuration		
	2Tx2Rx in DL, Cross-polarized 
Baseline: open loop 

	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
	DCF
If VoIP users are included, EDCA can be used

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	RTS/CTS
	No

	
	Contention window
	Per DCF
If VoIP users are included, per EDCA can be used

	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
	DL traffic only for DL-only LAA coexistence evaluation

	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: _Ref410295860]Table 2 Additional LAA system evaluations assumptions
	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration	
	2Tx2Rx in DL, Cross-polarized. 

	Transmission schemes
	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
	-62 dBm

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

	Cyclic Prefix
	Normal



[bookmark: _Ref410305256]Indoor FTP traffic coexistence evaluation results
[bookmark: _Ref410304596]Scenario with one shared unlicensed carrier and 10 users
In this evaluation scenario, two operators deploy X=4 small cells each in the single-floor building sharing Y=1 unlicensed carrier. 10 UEs with DL FTP traffic for each operator network are modeled. Table 3,Table 4 and Table 5 below show the throughput and latency for some significant points on the CDF for each of the coexistence scenarios. The UPT and latency are shown for each scenario corresponding to the served traffic supported by the baseline system at a given mean buffer occupancy. Detailed performance plots are provided in the Annex.
[bookmark: _Ref410388655]Table 3 Throughput and latency CDF at low system load point (0.7 files/s arrival rate, 20% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	81.73
	81.89
	149.18
	101.98

	50%
	57.77
	56.98
	127.91
	82.54

	5%
	21.29
	22.58
	90.50
	48.17



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	756
	711
	51
	95

	50%
	516
	521
	34
	55

	5%
	113
	115
	23
	36



[bookmark: _Ref410388748]Table 4 Throughput and latency CDF at medium system load point (0.88 files/s arrival rate, 40% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	61.21
	60.90
	141.84
	96.56

	50%
	31.04
	31.87
	118.79
	77.44

	5%
	6.19
	6.43
	79.95
	45.97



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	1816
	1901
	64
	110

	50%
	287
	317
	39
	62

	5%
	80
	77
	26
	38



[bookmark: _Ref410388659]Table 5 Throughput and latency CDF at high system load point (1.05 files/s arrival rate, 60% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	37.94
	38.04
	141.31
	96.05

	50%
	16.02
	16.02
	117.78
	76.83

	5%
	2.39
	2.40
	78.09
	44.97



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	2808
	2774
	64
	114

	50%
	706
	690
	39
	63

	5%
	148
	128
	26
	38



Table 6 below presents the throughput and latency for some significant points on the CDF for the LAA-LAA coexistence scenarios. 
[bookmark: _Ref410388689]Table 6 Throughput and latency CDF for different system load points for LAA-LAA coexistence 
	Throughput CDF
[Mbps]
	0.7 files/s arrival rate, 20% mean buffer occupancy
	0.88 files/s arrival rate, 40% mean buffer occupancy
	1.05 files/s arrival rate, 60% mean buffer occupancy

	
	Op.A LAA
	Op.B LAA
	Op.A LAA
	Op.B LAA
	Op.A LAA
	Op.B LAA

	95%
	158.95
	160.01
	156.60
	157.26
	156.24
	156.87

	50%
	143.29
	144.08
	139.34
	138.84
	138.73
	138.46

	5%
	110.87
	112.12
	106.49
	106.83
	105.86
	105.87



	Latency CDF
[ms]
	0.7 files/s arrival rate, 20% mean buffer occupancy
	0.88 files/s arrival rate, 40% mean buffer occupancy
	1.05 files/s arrival rate, 60% mean buffer occupancy

	
	Op.A LAA
	Op.B LAA
	Op.A LAA
	Op.B LAA
	Op.A LAA
	Op.B LAA

	95%
	36
	35
	39
	38
	40
	38

	50%
	28
	27
	29
	29
	29
	29

	5%
	22
	22
	22
	23
	23
	23




[bookmark: _Ref410304603]Scenario with four shared unlicensed carriers
In this evaluation scenario, two operators deploy X=4 small cells each in the single-floor building sharing Y=4 unlicensed carriers. 40 UEs with DL FTP traffic for each operator network are modeled.
Table 7 Throughput and latency CDF at low system load point (0.35 file/s arrival rate, 20% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	103.17
	101.52
	154.62
	111.00
	158.97
	159.32

	50%
	81.73
	81.14
	132.74
	89.63
	142.24
	142.38

	5%
	49.43
	51.74
	104.37
	58.49
	119.13
	119.34



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	139.707
	128.407
	46.513
	93.515
	33.669
	33.404

	50%
	62.873
	63.445
	31.688
	50.263
	27.607
	27.548

	5%
	39.777
	41.383
	24.141
	34.600
	23.565
	23.392



Table 8 Throughput and latency CDF at medium system load point (0.79 file/s arrival rate,40% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	83.05
	80.56
	135.41
	100.14
	144.65
	145.36

	50%
	58.09
	57.14
	103.01
	75.94
	122.38
	122.86

	5%
	25.41
	27.90
	62.80
	35.08
	94.510
	94.51



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	383.099
	358.041
	188.239
	281.405
	47.254
	47.505

	50%
	119.267
	120.466
	48.301
	66.229
	33.710
	33.372

	5%
	56.471
	60.960
	28.442
	40.497
	26.149
	26.049



Table 9 Throughput and latency CDF at high system load point (1.1 file/s arrival rate,60% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	64.68
	59.81
	118.67
	90.04
	132.88
	133.82

	50%
	35.42
	34.94
	76.63
	65.15
	106.86
	107.26

	5%
	10.54
	10.69
	26.10
	11.31
	74.83
	75.04



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−LAA coexistence

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B LAA

	95%
	1020.433
	1046.170
	457.175
	586.167
	65.284
	66.119

	50%
	238.889
	233.790
	75.874
	82.861
	40.180
	39.725

	5%
	84.492
	92.690
	33.556
	48.242
	28.433
	28.855



[bookmark: _Ref410305270]Indoor VoIP traffic coexistence evaluation results
[bookmark: _Ref410404947]Scenario with one shared unlicensed carrier
In this evaluation scenario, two operators deploy X=4 small cells each in the single-floor building sharing Y=1 unlicensed carrier. 10 UEs with DL FTP traffic for each operator network are modeled. Two additional VoIP traffic UEs are modeled for the Wi-Fi network that is not replaced by LAA. The tables in this section show the throughput and latency for some significant points on the CDF for each of the coexistence scenarios. The UPT and latency are shown for each scenario corresponding to the served traffic supported by the baseline system at a given mean buffer occupancy. The tables below show the percentage of UEs that have 98%ile latency greater than 50 ms for the difference coexistence scenarios. Moreover, the tables include the case where LAA does not use the licensed carrier for scheduling. Detailed performance plots are provided in the Annex.
Table 10 Throughput and latency CDF of FTP users at low system load point (0.60 file/sec arrival rate, 20% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	80.58
	83.58
	147.52
	102.10
	96.26
	97.51

	50%
	54.94
	59.54
	128.77
	82.98
	77.99
	76.87

	5%
	20.74
	23.43
	94.17
	48.32
	48.04
	39.44



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	784
	783
	48
	95
	157
	174

	50%
	128
	123
	34
	55
	68
	65

	5%
	52
	49
	25
	37
	39
	39



Table 11 Throughput and latency CDF of FTP users at medium system load point (0.79 file/sec arrival rate, 40% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	60.55
	63.28
	141.54
	96.72
	89.13
	91.34

	50%
	28.68
	32.85
	119.73
	76.98
	67.94
	68.46

	5%
	4.98
	7.11
	83.22
	41.74
	36.67
	30.56



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	2087
	1859
	58
	118
	268
	294

	50%
	316
	321
	38
	62
	89
	79

	5%
	79
	73
	27
	40
	43
	42



Table 12 Throughput and latency CDF of FTP users at high system load point (0.94 file/sec arrival rate, 60% mean buffer occupancy)
	Throughput CDF
[Mbps]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	38.21
	41.90
	140.55
	95.50
	86.31
	89.02

	50%
	12.51
	13.41
	117.87
	75.73
	63.47
	65.47

	5%
	1.30
	1.24
	81.08
	40.47
	30.21
	26.69



	Latency CDF
[ms]
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence
without licensed carrier

	
	Op.A Wi-Fi
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi
	Op.A LAA
	Op.B Wi-Fi

	95%
	3156
	3078
	60
	123
	416
	424

	50%
	699
	648
	39
	64
	101
	86

	5%
	123
	126
	27
	40
	45
	43



Table 13 Percentage of VoIP users with 98%tile latency greater than 50ms at different system load points
	System load points
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence
	LAA−Wi-Fi coexistence without licensed carrier

	
	Op. A Wi-Fi, Op.B Wi-Fi
	Op. A LAA, Op.B Wi-Fi
	Op. A LAA, Op.B Wi-Fi

	Low
(20% mean buffer occupancy)
	11.3 %
	0.76%
	9.8%

	Medium
(40% mean buffer occupancy)
	22.4 %
	1.2%
	19.2%

	High
(60% mean buffer occupancy)
	41.4  %
	1.1%
	22.4%




Scenario with four shared unlicensed carriers
In this evaluation scenario, two operators deploy X=4 small cells each in the single-floor building sharing Y=4 unlicensed carriers. 40 UEs with DL FTP traffic for each operator network are modeled. Eight additional VoIP traffic UEs are modeled for the Wi-Fi network that is not replaced by LAA. 
Table 14 Percentage of VoIP users with 98%tile latency greater than 50ms at different system load points
	System load points
	Wi-Fi−Wi-Fi baseline
	LAA−Wi-Fi coexistence

	
	Op.B Wi-Fi
	Op.B Wi-Fi

	Low
(20% mean buffer occupancy)
	0%
	0%

	Medium
(40% mean buffer occupancy)
	0%
	0%

	High
(60% mean buffer occupancy)
	0%
	0%



Discussions
Coexistence evaluations results are provided both for FTP DL traffic as well as for VoIP traffic. In general, the coexistence evaluation results are shown for buffer occupancies (as per the agreed working assumption [2]) of 20%, 40% and 60% representing low, medium and high traffic loads, respectively. Key points in the throughput and latency CDF are presented for FTP DL traffic by providing the corresponding metrics at 5, 50 and 95 percentiles. The outage probability with 98%ile latency greater than 50 ms is shown for VoIP users for different loads in the system. The evaluations were carried out with the proposed load based LBT scheme [3] with additional defer periods which aligns well with the Wi-Fi defer period and is designed to minimize the collision between Wi-Fi data and corresponding ACKs. 
The results where LAA is using only the unlicensed carrier for scheduling, shown in section 4.1, evaluate the coexistence between LAA and Wi-Fi when LAA is serving traffic over the same amount of spectrum as the Wi-Fi network it replaces. These results illustrate that LAA can co-exist well with Wi-Fi and even improve performance of the Wi-Fi network it is co-existing with.
On the impact of the licensed carrier in LAA, comparing the results (Section 3) with the use of the licensed carrier for scheduling for the one and four unlicensed carrier cases, it is observed that the licensed carrier becomes less influential in the system performance improvement. This is due to the licensed carrier experiencing higher loads in order to support four unlicensed carriers instead of one. In the evaluated four unlicensed carrier scenario, we observe that LAA can coexist well with Wi-Fi. 
The system performance results clearly show that not only LAA coexists in a fair manner with Wi-Fi but also boosts Wi-Fi performance as compared to the case where two Wi-Fi networks coexist with each other. 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 listed below:
· LTE, as compared to Wi-Fi, enjoys more robust interference mitigation, error correction and retransmission schemes which results in greater efficiency in serving the traffic and reducing resource utilization thus providing more opportunities for other systems to access the medium.
· LAA can offload the traffic to the licensed carrier which improves availability of a channel for transmissions.
· 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. 
The results for the outage of VoIP users in the Wi-Fi system in section 4 clearly demonstrate that LAA has does not impact VoIP traffic on a WI-Fi network more than another Wi-Fi network. In fact, in the case of one single unlicensed carrier, LAA can decrease the outage of VoIP traffic in the coexisting Wi-Fi network.
Additionally, the results in sections 3.1 and 3.2 demonstrate that two LAA systems coexisting in the unlicensed band provide comparable performance which stems from the fact that the unlicensed spectrum is fairly shared and utilized among the LAA operators.
Overall, the results show that LAA does not degrade VoIP and FTP performance of a co-existing Wi-Fi network when it is used instead of another Wi-Fi network for the evaluated scenarios. Similar trends in performance are observed for outdoor deployments as shown in our companion contribution [6]. We summarize the discussion above with the following observations:

Observations:
· LAA can improve the performance of a coexisting Wi-Fi operator.
· LAA has less impact on VoIP traffic of a coexisting Wi-Fi operator than another Wi-Fi operator.
· Two LAA systems can co-exist well in unlicensed spectrum.

Conclusions
In this contribution, we report coexistence evaluation results for LAA for DL-only transmissions for indoor deployments. Extensive simulation results are provided not only for FTP traffic, but also for VoIP traffic, for both single unlicensed and four unlicensed carriers. We have also provided simulation results for the single unlicensed carrier case without the use of the licensed carrier for scheduling in LAA. Based on the simulation results, we make the following observations:
Observations:
· LAA can improve the performance of a coexisting Wi-Fi operator.
· LAA has less impact on VoIP traffic of a coexisting Wi-Fi operator than another Wi-Fi operator.
· Two LAA systems can co-exist well in unlicensed spectrum.

References
[bookmark: _Ref410045759][bookmark: _Ref410036379][bookmark: _Ref399149024]RP-141664 Study on Licensed-Assisted Access using LTE, Ericsson, Qualcomm, Huawei, ALU 
[bookmark: _Ref410045778]Chairman’s notes, 3GPP RAN1 WG #79
[bookmark: _Ref410065071]R1-150584 Further details on LBT for LAA, Ericsson
[bookmark: _Ref410319551]Chairman’s notes, 3GPP RAN1 WG#78bis
[bookmark: _Ref410045854]3GPP TR 36.899 Study on Licensed-Assisted Access to Unlicensed Spectrum, v.0.1.1
[bookmark: _Ref410306609]R1-150579 Outdoor coexistence evaluation results for DL-only LAA; Ericsson

Annex A: Detailed System Performance Plots
Scenario with one shared unlicensed carrier, no VoIP
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Scenario with one shared unlicensed carrier, VoIP (with / without licensed carrier)
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