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1. Introduction

At the RAN1#79 meeting, evaluation assumptions and methodologies for the study on Licensed-Assisted Access to Unlicensed Spectrum (LAA) were discussed, and those for DL only LAA evaluation were agreed and completed [1].  

In this contribution, we provide our evaluation results based on agreed evaluation assumptions and corresponding considerations on the impact of FBE-based LBT for LAA on the performance of coexisting Wi-Fi. System level evaluations are performed in outdoor deployment scenarios for both Y=1 and Y=4. Our views on LBT design and the frame structure for LAA with LBT are also presented in our companion contribution [2].
2. LBT Mechanism for LAA
Based on the European regulatory requirements, two possible LBT mechanisms are considered for LAA, i.e. an FBE-based mechanism and a LBE-base mechanism [3]. In this section, the frame structure of LAA with an FBE-based LBT mechanism, which is applied in our current evaluation, is introduced.  

Fig. 2-1 shows the frame structure of LAA with LBT assumed in the evaluation. CCA is performed every subframe when LBT result at the previous subframe is busy, while CCA is not performed during transmission burst after which it is confirmed that LBT result is idle. The transmission burst length should be configurable to fulfill the regulatory requirement of different regions. LBT procedures with the maximum burst length configurations of {1, 4, 10} ms are shown in the figure. As specified in the European regulatory requirements, the minimum 5% of the channel occupancy time should be used as the idle period (including CCA time). However, for the sake of simplicity in the evaluation, 2 LTE OFDM symbols are assumed as the idle period for the maximum burst length configurations of {1,4,10} ms. 
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Figure 2-1. Frame structure for LAA with LBT assumed in evaluation 
3. Coexistence Evaluation Results
System level evaluations for co-existence scenarios of DL only LAA are performed in outdoor deployment scenarios. All the agreed assumptions and methodologies are implemented in the simulation. The detailed simulation assumptions are shown in Appendix 2. The evaluated scenarios are listed below.  
(1) X=4, Y=1, Outdoor (w/ licensed carrier for LAA UEs)
(2) X=4, Y=4, Outdoor (w/ licensed carrier for LAA UEs)

We present the co-existence evaluation results for these scenarios in the following subsections. In each scenario, the following cases are evaluated. 

· Wi-Fi – Wi-Fi coexistence (Baseline)
· Wi-Fi – LAA co-existence

· LBT mechanism for LAA with the burst length of 1, 4, and 10 ms
3.1. Scenario 1 (X=4, Y=1, w/ licensed carrier for LAA UEs)
In this dense cell deployment scenario, two operators with four Wi-Fi APs/LAA small cells for each operator are randomly deployed in a cluster area. One unlicensed carrier with the bandwidth of 20 MHz is shared between the two operators. In the case of Wi-Fi and LAA co-existence, an additional licensed carrier with the bandwidth of 10 MHz is assumed for LAA. Hence, carrier aggregation (CA) between licensed and unlicensed carriers is performed for LAA UEs.
Figs. 3-1 and 3-2 show the average and 5% UPT for LAA UEs and Wi-Fi STAs with the packet arrival rate of 2, 3 and 4, that lead to the load factor [4] of approximately 24%, 59% and 72%, respectively, in the baseline case. The UPT for an LAA UE is the sum of the throughput of both the licensed and unlicensed carriers. We find that for Wi-Fi throughput, all the maximum burst length configurations of {1 ms, 4 ms, and 10 ms} in LAA lead to better performance than the baseline, i.e., the case of coexisting with another Wi-Fi, in terms of the average and 5% UPT. This might be due to a lower degree of occupation of the unlicensed carrier by an aggressor operator in the Wi-Fi-LAA coexistence scenario thanks to high spectrum efficiency and the additional licensed carrier of LAA.
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Fig. 3-3 shows the CDF of UPT and packet latency for Wi-Fi with the packet arrival rate of 2, 3, and 4. The packets, which are not successfully transmitted because the simulation ends, are not counted in the CDF for the packet latency. We observe that the packet latency for Wi-Fi when co-existing with LAA is much lower than that when co-existing with another Wi-Fi.
Figure 3-1. Average UPT for Wi-Fi and LAA (X=4, Y=1)
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Figure 3-2. 5% UPT for Wi-Fi and LAA (X=4, Y=1)
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Figure 3-3. CDF of UPT and packet latency for Wi-Fi (X=4, Y=1) 

3.2. Scenario 2 (X=4, Y=4, w/ licensed carrier for LAA UEs)
In this scenario, deployment of Wi-Fi APs / LAA small cells is the same as that in Section 3.1. Different from the previous scenario, four unlicensed carriers with 20 MHz bandwidth each are shared by two operators. One Wi-Fi AP / LAA small cell selects one of the unlicensed carriers, which is different from the unlicensed carriers of the closest Wi-Fi APs / LAA small cells. This could avoid the situation in which two or more surrounding APs/small cells use the same unlicensed carrier and, hence, it could achieve a low density deployment of APs/small cells for one carrier. For LAA UEs, CA between one unlicensed carrier and one licensed carrier with the bandwidth of 10 MHz is assumed.
Figs. 3-4 and 3-5 show the average and 5% UPT for LAA UEs and Wi-Fi STAs with the packet arrival rate of 6, 10, and 12, which lead to the load factor of approximately 24%, 39%, and 55%, respectively, in the baseline case. The UPT for the LAA UE is the sum of the throughput of both licensed and unlicensed carriers. The tendency is the same as that in the dense deployment scenario presented in Section 3.1. We find that the Wi-Fi throughput when co-existing with LAA is better than that when co-existing with another Wi-Fi in terms of both the average and 5% UPT. 

Fig.3-6 shows the CDF of the UPT and packet latency for Wi-Fi for the packet arriving rates of 6, 10, and 12.   
Considering the UPT and latency performance in both dense and sparse deployments as presented in Sections 3.1 and 3.2, we make the following observation. 
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Observation 1:  LAA with the FBE-based LBT mechanism could have less of an impact on the neighboring Wi-Fi than another Wi-Fi. 

Figure 3-4. Average UPT for Wi-Fi and LAA (X=4, Y=4)
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Figure 3-5. 5% UPT for Wi-Fi and LAA (X=4, Y=4)
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Figure 3-6. CDF of UPT and packet latency for Wi-Fi (X=4, Y=4)
4. Conclusion 

In this contribution, we provided our evaluation results of LAA with FBE-based LBT in the coexistence scenario with Wi-Fi. From the evaluation results, we found that FEB-based LAA ensures the Wi-Fi performance in the Wi-Fi-LAA coexistence scenario.
Observation 1:  LAA with the FBE-based LBT mechanism could have less of an impact on the neighboring Wi-Fi than another Wi-Fi. 
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Appendix 1. Evaluation Results for X=4, Y=1 Without Using Licensed Carrier 
The scenario is the same as Section 3.1 except that no licensed carrier is assumed for LAA. In this scenario, the aggressor Wi-Fi network in the baseline case and the aggressor LAA network in the Wi-Fi-LAA coexistence case actually serve the same amount of traffic on the unlicensed carrier.
Figs. A1-1 and A1-2 show the average and 5% UPT for LAA UEs and Wi-Fi STAs with the packet arrival rate of 2, 3, and 4, which lead to the load factors of approximately 24%, 59%, and 72%, respectively, in the baseline case. From the results shown in Fig.A1-1 (a), we find that the average UPT for Wi-Fi when coexisting with LAA is higher than that when co-existing with another Wi-Fi, although the relative gain is reduced compared to the results in Section 3.1 in which the licensed carrier is considered for LAA. If LAA uses the licensed carrier in addition to the unlicensed carrier, the contention between Wi-Fi and LAA in the unlicensed carrier becomes less severe since some of the LAA traffic is offloaded to the licensed carrier, and then Wi-Fi has more opportunities to occupy the channel. From the results shown in Fig.A1-2 (a), we find that there is a slight degradation in performance for Wi-Fi in a high traffic load case in terms of the 5% UPT. This might be due to the increase in the CCA threshold for the neighboring operator from -82 dBm to -62 dBm according to the change in the coexisting system from Wi-Fi to LAA. As for Wi-Fi edge UEs, although the channel access probability may increase due to this change in the CCA threshold, the interference level from neighbors might be increased. However, the impact could be eliminated if the licensed band and sophisticated CA scheduler are considered for LAA since it has already been proven in Section 3.1.
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 Figure A1-1. Average UPT for Wi-Fi and LAA (X=4, Y=1, w/o licensed band)
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Figure A1-2. 5% UPT for Wi-Fi and LAA (X=4, Y=1, w/o licensed band)

Appendix 2. Detailed Evaluation Assumptions
Table A2-I - Simulation Parameters
[image: image7.emf]Basic parameters Value

UE bandwidth

20MHz in unlicensed band for Wi-Fi UEs

20MHz in unlicensed band w/ and w/o 10MHz in

licensed band for LAA UEs

Carrier number (Y) 1, 4

AP/small cell number per operator 4

DL Tx Power 18 dBm

SC/AP dropping Random and uniform within 50 m cluster radius

Mini. dist. b/w SC/AP

20 m within same operator

10 m between different operators

UE/STA dropping Random and uniform within coverage of each SC/AP

Cell selection Best RSS/RSRP-based (RSS threshold is -82dBm)

Antenna configuration 2D, 2x2 CPA, Omni-directional

MIMO Up to 2 streams

UE/STA receiver MMSE-IRC

Traffic model FTP model 1 with packet size of 0.5 Mbytes

Simulation step 8 us

LAA parameters Value

Link adaptation Close loop by CQI, PMI, RI feedback

HARQ Chase combine

MCS QSPK/16QAM/64QAM

CCA (all) -62dBm

Scheduler Proportional fairness

Wi-Fi parameters Value

MCS 802.11ac MCS table without 256QAM

Channel coding BCC

DIFS 32 us

RTS/CTS N/A

Contention window 15~1023

Max burst length 4 ms

Frame aggregation A-MPDU

MPDU 1.5 K Byte size

Link adaptation Open loop using ACK

CCA-CS (Wi-Fi ) -82 dBm

CCA-ED (all) -62 dBm

Scheduler Round-robin


Appendix 3. Detailed UPT Performance
Table A3-I, A3-II and A3-III show the detailed UPT results as well as the load factor performance in the evaluation scenarios of   

· X=4, Y=1, outdoor , w/ licensed carrier for LAA UEs (Table A3-I)
· X=4, Y=4, outdoor , w/ licensed carrier for LAA UEs (Table A3-II)
· X=4, Y=1, outdoor , w/o licensed carrier for LAA UEs (Table A3-III)
Table A3-I. Detailed throughput (X=4, Y=1, w/ licensed band)

[image: image8.emf]Evaluation schemes  Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%)

Baseline 1.378 0.0 34.486 0.0 121.220 0.0 43.283 0.0 0.241

1ms, Wi-Fi 2.789 102.4 57.560 66.9 121.220 0.0 60.550 39.9 0.172

4ms, Wi-Fi 3.753 172.2 58.828 70.6 121.220 0.0 62.144 43.6 0.158

10ms, Wi-Fi 2.849 106.7 58.827 70.6 121.220 0.0 61.658 42.5 0.156

1ms, LAA 51.282 3620.4 117.650 241.2 181.820 50.0 119.390 175.8 0.020

4ms, LAA 51.282 3620.4 121.210 251.5 181.820 50.0 119.920 177.1 0.019

10ms, LAA 54.054 3821.5 117.650 241.2 181.820 50.0 119.580 176.3 0.019

Baseline 0.6636 0.0 18.141 0.0 85.113 0.0 27.306 0.0 0.592

1ms, Wi-Fi 1.541 132.2 40.002 120.5 121.220 42.4 47.699 74.7 0.320

4ms, Wi-Fi 1.882 183.5 43.014 137.1 121.220 42.4 50.068 83.4 0.297

10ms, Wi-Fi 1.527 130.1 38.280 111.0 121.220 42.4 47.325 73.3 0.326

1ms, LAA 36.697 5430.0 100.000 451.2 181.820 113.6 104.060 281.1 0.035

4ms, LAA 40.817 6050.9 102.560 465.4 181.820 113.6 106.380 289.6 0.033

10ms, LAA 39.216 5809.6 102.560 465.4 181.820 113.6 105.120 285.0 0.034

Baseline 0.644 0.0 15.385 0.0 76.928 0.0 23.866 0.0 0.715

1ms, Wi-Fi 0.876 36.1 26.492 72.2 108.120 40.5 36.011 50.9 0.516

4ms, Wi-Fi 1.086 68.6 30.303 97.0 114.300 48.6 39.555 65.7 0.504

10ms, Wi-Fi 1.096 70.1 27.973 81.8 108.120 40.5 37.369 56.6 0.484

1ms, LAA 29.851 4534.5 80.001 420.0 173.910 126.1 91.019 281.4 0.054

4ms, LAA 30.535 4640.6 83.334 441.7 181.820 136.4 94.068 294.2 0.053

10ms, LAA 33.899 5163.0 90.910 490.9 181.820 136.4 98.777 313.9 0.049

Load factor
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4


Table A3-II. Detailed throughput (X=4, Y=1, w/ licensed band)

[image: image9.emf]Evaluation schemes  Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%)

Baseline 4.7395 0.0 59.706 0.0 121.22 0.0 63.134 0.0 0.277

1ms, Wi-Fi 8.603 81.5 64.520 8.1 121.220 0.0 69.537 10.1 0.214

4ms, Wi-Fi 9.133 92.7 65.577 9.8 121.220 0.0 69.798 10.6 0.201

10ms, Wi-Fi 9.346 97.2 64.521 8.1 121.220 0.0 69.898 10.7 0.196

1ms, LAA 55.556 1072.2 129.030 116.1 181.820 50.0 126.970 101.1 0.050

4ms, LAA 56.338 1088.7 129.030 116.1 181.820 50.0 127.230 101.5 0.050

10ms, LAA 57.143 1105.7 129.030 116.1 181.820 50.0 127.800 102.4 0.049

Baseline 2.647 0.0 45.979 0.0 121.220 0.0 51.947 0.0 0.483

1ms, Wi-Fi 3.096 17.0 50.004 8.8 121.220 0.0 55.912 7.6 0.470

4ms, Wi-Fi 3.350 26.6 51.283 11.5 121.220 0.0 56.772 9.3 0.448

10ms, Wi-Fi 3.084 16.5 50.002 8.7 121.220 0.0 55.544 6.9 0.470

1ms, LAA 43.011 1525.2 117.650 155.9 181.820 50.0 116.330 123.9 0.091

4ms, LAA 45.978 1637.3 117.650 155.9 181.820 50.0 116.760 124.8 0.090

10ms, LAA 46.512 1657.5 117.650 155.9 181.820 50.0 117.520 126.2 0.089

Baseline 2.188 0.0 40.818 0.0 121.220 0.0 47.778 0.0 0.548

1ms, Wi-Fi 2.433 11.2 43.480 6.5 121.220 0.0 49.850 4.3 0.561

4ms, Wi-Fi 2.244 2.5 42.553 4.3 121.220 0.0 48.709 1.9 0.583

10ms, Wi-Fi 2.303 5.2 41.670 2.1 121.220 0.0 48.343 1.2 0.581

1ms, LAA 39.604 1709.8 111.110 172.2 181.820 50.0 111.740 133.9 0.113

4ms, LAA 39.216 1692.1 111.110 172.2 181.820 50.0 111.580 133.5 0.113

10ms, LAA 39.605 1709.8 114.290 180.0 181.820 50.0 112.440 135.3 0.111
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Load factor

12

10

6


Figure A3-III. Detailed throughput (X=4, Y=1, w/o licensed band)
[image: image10.emf]Evaluation schemes  Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%) Thr(Mbps) gain (%)

Baseline 1.378 0.0 34.486 0.0 121.220 0.0 43.283 0.0 0.241

1ms, Wi-Fi 2.690 95.2 50.002 45.0 121.220 0.0 55.352 27.9 0.201

4ms, Wi-Fi 2.323 68.5 53.336 54.7 121.220 0.0 56.693 31.0 0.183

10ms, Wi-Fi 2.447 77.5 47.623 38.1 121.220 0.0 54.239 25.3 0.188

1ms, LAA 0.574 -58.4  54.795 58.9 121.210 -0.0  58.984 36.3 0.119

4ms, LAA 4.510 227.2 57.560 66.9 121.210 -0.0  62.309 44.0 0.088

10ms, LAA 3.399 146.6 61.073 77.1 121.210 -0.0  64.027 47.9 0.073

Baseline 0.6636 0.0 18.141 0.0 85.113 0.0 27.306 0.0 0.592

1ms, Wi-Fi 0.814 22.7 25.317 39.6 108.120 27.0 35.089 28.5 0.480

4ms, Wi-Fi 0.654 -1.4  23.122 27.5 114.300 34.3 35.356 29.5 0.499

10ms, Wi-Fi 0.662 -0.2  24.542 35.3 111.120 30.6 34.783 27.4 0.504

1ms, LAA 0.842 26.9 30.076 65.8 121.210 42.4 40.720 49.1 0.241

4ms, LAA 0.686 3.4 30.303 67.0 117.650 38.2 40.113 46.9 0.239

10ms, LAA 1.310 97.4 38.836 114.1 121.210 42.4 45.907 68.1 0.187

Baseline 0.644 0.0 15.385 0.0 76.928 0.0 23.866 0.0 0.715

1ms, Wi-Fi 0.566 -12.1  17.242 12.1 90.912 18.2 27.115 13.6 0.649

4ms, Wi-Fi 0.506 -21.5  17.022 10.6 90.912 18.2 26.860 12.5 0.653

10ms, Wi-Fi 0.427 -33.8  14.760 -4.1  90.916 18.2 26.081 9.3 0.668

1ms, LAA 0.746 15.7 16.598 7.9 108.110 40.5 30.221 26.6 0.345

4ms, LAA 0.883 37.1 24.317 58.1 108.110 40.5 35.159 47.3 0.293

10ms, LAA 1.285 99.5 31.746 106.4 114.290 48.6 40.138 68.2 0.251
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