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1. Introduction 
In this contribution, we compare various LAA LBT options (or algorithms) including load based equipment (LBE) based LBT Option A and Option B defined in ETSI EN 301 893 [1], in terms of the Wi-Fi performance impact of LAA as well as the LAA performance itself. The performance of VoIP outage and user perceived throughput (UPT) is considered. In particular, we study the impact of the following individual LAA LBT design factors:
· LAA ED thresholds: -62 dBm vs. -82 dBm.
· Contention window (CW) size for backoff operation.
· Adaptive CW, i.e., with exponential backoff vs. without exponential backoff. 
It should be noted that we assume explicit TxBF and closed loop MCS/rate adaptation using explicit CSI information at the transmitter for Wi-Fi, which was agreed as additional evaluation assumptions during the LAA ad-hoc meeting in March, 2015. The reason is that according to the current evaluation methodology in the latest version of TR 36.889, the Wi-Fi performance impact of LAA becomes more sensitive to the LAA LBT design under the above Wi-Fi assumptions, which would be desirable to study various LAA LBT options (refer to [3] for more details). Based on our observations and discussions in the present contribution, we propose a detailed LAA LBT design in our companion contribution [4]. 
2. Simulation Assumptions
In this section, detailed simulation assumptions are presented.
2.1. LAA LBT Options Evaluated
The following LAA LBT options are evaluated. 
1) No LBT (i.e., Category 1 in [2])
2) LBT with random backoff with fixed size of CW (i.e., Category 3 in [2])
· CCA
· LBT always start with CCA. Only at the start of channel access for each data burst, generate a random counter, N between [1, q], where we evaluate q = 16 and 32 (please refer to [4]).
· Sensing duration: 34 μsec
· If idle, enter the eCCA stage. Otherwise, stay in the CCA stage and sense the channel again after 34 μsec. 
· eCCA
· Sensing duration: 10 μsec
· If idle, decrement the counter by 1 (i.e., N = N - 1). Otherwise, go back to the CCA stage, in which N is held.
· Once N reaches zero, start to transmit an LAA burst.
3) LBT with random backoff with variable contention window (i.e., Category 4 in [2])
· Same as 2) except exponential backoff.
· Exponential backoff: If the LAA burst has any TB error, double the CW up to a maximum of 1024 (CWmax). If no error in the LAA burst is observed, reset the CW to CWmin. We evaluate two values of CWmin, 16 and 32. 
2.2. Other Simulation Assumptions 
We follow the evaluation assumptions defined in the TR [2]. We evaluate the coexistence scenario of Wi-Fi + LAA, for Y = 1, indoor, and DL only traffic (FTP only & mixed traffic). In the FTP only case, the number of users per operator is assumed to be 10. In the case of mixed traffic, 2 VoIP users are added to 10 FTP users for the Wi-Fi network that is not replaced with LAA. In addition to FTP only and mixed traffic scenarios, we also evaluate full buffer scenario in order to better understand the performance behavior depending on different LAA LBT parameters. Further detailed assumptions for LAA and Wi-Fi are given below.
LAA
· Max LAA burst length: 4 msec
· Forward and backward partial sub-frames used if the start of an LAA burst is not aligned with the sub-frame boundary (please refer to [5] for more details)
· Unlicensed only (i.e., licensed band is not used for PDSCH transmission)
· Self-carrier scheduling with the control region of 3 OFDM symbols.
Wi-Fi 
· CL-MIMO
· After every successful packet reception, CSI information is updated at the AP. No explicit feedback overhead modeled. 
· If there has been no successful packet reception at the STA for an interval of 100 ms, the AP falls back to a default configuration, QPSK, code rate = ½, and rank = 1, for the STA.
· RTS/CTS: Not applied.
· Short GI of 400ns for each OFDM symbol
· VoIP related assumptions
· EDCA applied. CWmin = 3 and CWmax = 7.
· QoS aware scheduling assumed: AP schedules VoIP packets first.
· According to [2], in addition to 10 FTP users, two additional VoIP users are randomly dropped per cluster (building in the indoor case) only for the Wi-Fi network which is not replaced with LAA. 
· Performance metric
· Percentage of VoIP users in outage: A VoIP user is declared to be in outage if its 98%-tile delay is larger than 50 ms [2]. 
3. Simulation Results: Coexistence of Wi-Fi and LAA
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Figure 1. Comparison of the Wi-Fi UPT averaged over the all UEs among various LAA LBT options
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Figure 2. Comparison of the LAA UPT averaged over the all UEs among various LAA LBT options
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Figure 3. Comparison of 5%-tile Wi-Fi UPT among various LAA LBT options
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Figure 4. Comparison of 5%-tile LAA UPT among various LAA LBT options
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Figure 5. Comparison of buffer occupancy for Wi-Fi among various LAA LBT options
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Figure 6. Comparison of buffer occupancy for LAA among various LAA LBT options
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	Figure 7. Comparison of percentage of VoIP outage users for Wi-Fi among various LAA LBT options


Observations and Discussion
· LAA ED threshold: -62 dBm vs. -82 dBm
· For all the studied LAA LBT design options (except no LBT option), with -82 dBm LAA ED threshold, the Wi-Fi performance (both UPT and VoIP outage) is improved when a Wi-Fi network coexists with an LAA network, compared to the case when the Wi-Fi network coexists with another Wi-Fi network.
· For many of the studied LAA LBT design options (except no LBT option), with -62 dBm LAA ED threshold, the Wi-Fi performance (both UPT and VoIP outage) is degraded when a Wi-Fi network coexists with an LAA network, compared to the case when the Wi-Fi network coexists with another Wi-Fi network. 
· The main reason why the Wi-Fi performance is degraded with -62 dBm LAA ED threshold is that although -62 dBm ED threshold is assumed for Wi-Fi, in addition to ED, Wi-Fi nodes also detect the preamble of other Wi-Fi nodes’ transmissions (and set NAV accordingly). Note that the preamble detection threshold is assumed to be -82 dBm in our simulations, which make the effective ED threshold for Wi-Fi close to -82 dBm. Therefore, with -62 dBm ED threshold, LAA eNB’s access the channel more aggressively than Wi-Fi AP’s, which can degrade the Wi-Fi performance. 
· Note: In the case when open-loop MIMO is assumed for Wi-Fi, even with -62 dBm LAA ED threshold, the Wi-Fi UPT performance (NOT the VoIP performance) is improved when a Wi-Fi network coexists with an LAA network, compared to the case when the Wi-Fi network coexists with another Wi-Fi network (refer to [3] and [6] for more details). This observation justifies the evaluation assumptions of CL-MIMO for Wi-Fi. 
· Minimum Contention window (CWmin): 16 eCCA slots vs. 32 eCCA slots (Note: In LBT Category 3, the CW does not change from the minimum CW.)
· Once the ED threshold of -82 dBm is used for LAA, the Wi-Fi performance improvement by coexisting with LAA is larger with LAA CWmin of 32 compared to LAA CWmin of 16. In contrast, the LAA performance is better with CWmin of 16 than with CWmin of 32. However, the performance difference between LAA CWmin of 16 and that of 32 is not significant for both Wi-Fi and LAA.
· Exponential backoff vs. no exponential backoff for LAA 
· When the LAA LBT employs exponential backoff, the Wi-Fi performance improves while the LAA performance degrades. However, the performance difference between with and without LAA exponential backoff is not significant especially for LAA.
· LBE based LBT Option A and Option B defined in ETSI EN 301 893 [1]
· Option A and Option B without any modifications from ETSI EN 301 893 v.1.8.0 show the worst performance among the LAA LBT options studied. In particular, if -62 dBm ED threshold is used for LAA according to ETSI EN 301 893 v.1.8.0, the Wi-Fi performance is degraded when coexisting with LAA, as discussed above.
4. Conclusion
In this contribution, we have compared various LAA LBT options including load based equipment (LBE) based LBT Option A and Option B defined in ETSI EN 301 893, in terms of the Wi-Fi performance impact of LAA as well as the LAA performance itself. From the simulation results, we have made following observations.
· For many of the studied LAA LBT design options (except no LBT option), with -62 dBm LAA ED threshold, the Wi-Fi performance (both UPT and VoIP outage) is degraded when a Wi-Fi network coexists with an LAA network, compared to the case when the Wi-Fi network coexists with another Wi-Fi network.
· For all the studied LAA LBT design options (except no LBT option), with -82 dBm LAA ED threshold, the Wi-Fi performance (both UPT and VoIP outage) is improved when a Wi-Fi network coexists with an LAA network, compared to the case when the Wi-Fi network coexists with another Wi-Fi network.
· The performance difference between LAA CWmin of 16 and that of 32 is not significant for both Wi-Fi and LAA.
· When the LAA LBT employs exponential backoff, the Wi-Fi performance is improved while the LAA performance is degraded. However, the performance difference between with and without LAA exponential backoff is not significant especially for LAA.
· LBE based LBT Option A and Option B without any modifications from ETSI EN 301 893 v.1.8.0 show the worst performance among the studied LAA LBT options. In particular, if -62 dBm ED threshold is used for LAA according to ETSI EN 301 893 v.1.8.0, the Wi-Fi performance is degraded when coexisting with LAA, as discussed in this contribution.
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