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1. Introduction

One of the most important design goals of LAA is fair coexistence with other radio access technologies (RATs) such as Wi-Fi and/or other LAA networks deployed by other operators. To meet this design goal, Listen Before Talk (LBT) has been considered as a key enabling technology, where data packets are transmitted only when the channel is sensed to be idle. Detailed LBT algorithms for LAA downlink (DL) are compared and discussed in our companion contributions, [1] and [2]. 
In this contribution, we provide our views on candidate design options for LAA UL transmission, focusing on UL scheduling, eNB LBT, and UE LBT.  
2. Discussion on design options for LAA UL transmission
In this section, we discuss possible design options for LAA UL transmission, with emphasis on UL scheduling, eNB LBT, and UE LBT. The possible options are classified into three methods: (1) Dedicated scheduling method, (2) contention-based scheduling method, and (3) fully distributed method, each of which is discussed in the following subsections. It is assumed in the first two methods that the eNB can schedule uplink transmission(s) only when the channel is sensed to be idle.
2.1 Dedicated scheduling method
When the channel is sensed to be idle, the eNB can send one or multiple UL grants. Suppose that the eNB sends UL grants at subframe k. As in the conventional LTE operation, the corresponding UL transmissions happen at subframe k+4. As illustrated in Figure 1, the eNB needs to send some signal(s) or channel(s) between the end of the (e)PDCCHs and the beginning of the corresponding PUSCHs, at least to reserve the channel.
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Figure 1. An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission under the assumption of self-carrier scheduling. 
There are two variants depending on whether UE senses the channel before transmitting uplink data on the scheduled subframe.
Alt. 1: 

LBT is performed by the scheduled UE before the corresponding UL transmission, i.e., upon reception of a UL grant, the scheduled UE performs channel sensing and transmits PUSCH on the scheduled subframe only when the channel is sensed to be idle. To allow channel sensing by the scheduled UE, a sensing period should be introduced either at the end of subframe k+3 or at the beginning of subframe k+4. During the sensing period, the eNB transmits no signal/channel and only the UE for which the channel was reserved transmits during the sensing period a reservation signal to reserve the channel until the end of the sensing period. For instance, the last one or a few OFDM symbols of subframe k+3 or the first one or a few OFDM symbols of subframe k+4 can be used as the sensing period. 

Alt. 2: 

LBT is not performed by the scheduled UE before the corresponding UL transmission, i.e., upon reception of a UL grant, the scheduled UE transmits PUSCH on the scheduled subframe without sensing the channel. 
The main motivation of channel sensing by the scheduled UEs in Alt.1 is due to the fact that it is required by regulations in some regions, e.g., in the EU it is required that each transmitter should perform channel sensing before a transmission. However, it should be noted that the performance of LAA UL can be severely degraded with Alt.1 due to excessive sensing operations. For instance, suppose that there are one Wi-Fi AP, ten Wi-Fi STAs, one LAA eNB, and ten LAA UEs, operating on an unlicensed carrier. Assuming that all the involved nodes are active, i.e., have data to transmit, the LAA eNB has to first contend with 11 Wi-Fi nodes to reserve the channel. Thus, the probability that the LAA eNB reserves the channel to schedule UL transmissions is 1/12 on average, under the assumption that similar LBT algorithms are applied to both Wi-Fi and LAA. Suppose that the LAA eNB has reserved the channel and sends a UL grant to a scheduled UE. With Alt. 1, the scheduled UE should contend again with the 11 Wi-Fi nodes prior to the scheduled transmission, which further reduces the chances of UL transmission by 1/12. In this particular example, therefore, the chances that a UL transmission happens is 1/132. Therefore, roughly speaking, the LAA UL performance can be 12 times lower than the Wi-Fi UL performance in a high load condition. Note that the gap can be even higher than 12 times in the above example, since the 11 LAA UEs are also contending internally within the LAA cell. This problem can be mitigated by Alt. 2 although Alt. 2 may not be fully compliant with regulatory requirements in some regions. Please note that it has been recently agreed in IEEE that in IEEE 802.11ax, the STA(s) scheduled by its serving AP transmits data after X µs (X: SIFS of 16us or greater, not yet decided but less than PIFS) after receiving the scheduling grant without sensing the medium. Note that Alt 2 still does not fully resolve the fairness issue, as the probability of accessing the channel for eNB with uplink traffic for 11 UEs should be 1/2 (not 1/12), as obtained by contending with 11 WiFi nodes.  
2.2 Contention-based scheduling method

The eNB can send an uplink grant for a specific subframe to a group of UEs. A new RNTI can be defined for this purpose and the group of UEs will share the same RNTI. The eNB can use this RNTI instead of C-RNTI when CRC is attached to the DCI message payload so that the group of UEs can receive the PDCCH. Upon receiving such an uplink grant from the eNB, the group of scheduled UEs will enter contention, i.e., will perform LBT, to send uplink data. The reservation signal can include the UE C-RNTI. In addition, other information such as modulation and coding scheme (MCS) can be included in the reservation signal depending on the detailed design.
2.3 Fully distributed method (no scheduling)
Both eNB and UE perform LBT independently with their own LBT parameters, which is very similar to the way Wi-Fi devices currently operate. In this method, the fairness issue mentioned earlier in Section 2.1 can be completely mitigated.  However, major specification impact is expected with this method. 
3. Conclusions
In this contribution, we have discussed possible design choices for uplink scheduling options with LBT. Based on the discussion, we make the following proposal. 
Proposal: For LAA uplink scheduling and LBT, consider and study the following design options. 
Alt. 1: 
The eNB can schedule uplink transmission(s) only when the channel is sensed idle. Upon reception of a UL grant, the scheduled UE should perform LBT for the scheduled PUSCH.
Alt. 2: The eNB can schedule uplink transmission(s) only when the channel is sensed idle. Upon reception of a UL grant, the scheduled UE transmits the scheduled PUSCH without channel sensing.

Alt. 3: The eNB can send an uplink grant for a specific subframe to a group of UEs. Upon reception of such as a grant, the group of the scheduled UEs enter contention, i.e., perform LBT, to send uplink data. 

Alt. 4: Both eNB and UE perform LBT independently with their own LBT parameters, i.e., UL transmissions are not based on eNB scheduling. 
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