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1. Introduction

According to European regulatory requirements [1], two possible listen-before-talk (LBT) mechanisms have been discussed in the study item for Licensed Assisted Access to unlicensed spectrum (LAA), i.e., frame-based equipment (FBE)-based mechanism and load-based equipment (LBE)-based mechanism.
At the RAN1#80 meeting, different channel access schemes were categorized and following agreements were made for the classification of evaluation results [2].
· Classify the evaluated channel access schemes according to the following categories:

· Category 1: No LBT

· Category 2: LBT without random back-off

· Category 3: LBT with random back-off with fixed size of contention window
· Category 4: LBT with random back-off with variable size of contention window

Note: Contention window is the maximum possible random back-off value
Note: Category classification does not restrict a LBT design investigation

Note: Company is encouraged to evaluate many categories as much as possible
· Illustrative examples

· FBE procedure as defined in EN BRAN V1.8.0 belongs to category 2

· LBE procedure with a fixed q for the contention window as defined in EN BRAN V1.8.0 belongs to category 3

· LBE procedure Op A with a variable q for the contention window as defined in EN BRAN V1.8.0 belongs to category 4

At the RAN1 LAA ad-hoc meeting, following agreements regarding LBT design target were made [3].

· Enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design

· Above should be taken into account for design of LBT

In this contribution, we discuss further on possible frame structures and corresponding LBT mechanisms for LAA DL, including both FBE-based mechanism and LBE-based mechanism.  In addition, since there are various detailed proposals for LBE-based mechanism from companies, simple numerical evaluations for LBT mechanisms in the context of coexistence with Wi-Fi are provided.
2. Frame Structure and LBT mechanism for LAA DL
In this section, we discuss details of possible LBT mechanisms and compare their features.
2.1. FBE-based LBT mechanism and frame structure
The requirements for FBE are summarized in Table 2-1. In FBE, the clear channel assessment (CCA) is performed every fixed frame period, as shown in Fig. 2-1. The channel occupancy time, i.e., the maximum transmission duration, shall be in the range 1 ms to 10 ms, and the minimum idle period shall be at least 5% of the channel occupancy time for the current fixed frame period. Considering the OFDM symbol duration as a minimum unit of transmission/muting, one or multiple OFDM symbols, e.g., at the end of a subframe, can be considered as idle period, e.g., three OFDM symbols can be the idle period for 4 ms fixed frame period. 
FBE-based LBT mechanism and frame structure would be simple and would have less specification impacts than that for LBE-based LBT mechanism and frame structure. FBE-based LBT could easily achieve frequency reuse for transmission by aligning the CCA and transmission period among synchronized nodes within one operator. Compared with Wi-Fi, LAA with FBE-based LBT would have lower probability to seize the channel since CCA can only be performed for one time every fixed frame period. Idle period should be carefully chosen so that Wi-Fi can seize the channel from LAA with FBE-based LBT even when very high traffic load is offered at the LAA node. LAA with FBE-based LBT would have lower efficiency of resource usage because a large delay may occur after traffic arrives once the channel is busy. Some companies also mentioned the problem of fairness among multiple LAA operators since a LAA operator may continuously block the other operators with earlier CCA period [4, 5].  
Table 2-1: LBT requirements for Frame-Based-Equipment in Europe
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Figure 2-1: Example of FBE
2.2. LBE-based LBT mechanism and frame structure
The requirements for LBE are summarized in Table 2-2. In LBE, if the equipment finds an operating channel occupied, it shall perform an extended CCA in which the duration of a random factor N multiplied by the CCA observation time is observed, as shown in Fig. 2-2. In the extended CCA procedure, the back-off counter is decremented if the CCA result on the current observation slot is idle. As a window size of random back-off (q) increases, the allowable channel occupancy time, i.e., the maximum transmission duration, increases. For example, by setting q=10, up to 4 ms transmission is allowed. The extended CCA procedure can be continuously performed until the back-off counter reaches zero. 

A node equipped with LBE-based LBT can seize a channel in a timely manner, while a node with FBE-based LBT needs to wait next CCA timing once the channel is confirmed as busy and may miss the channel access opportunity during such a waiting time due to the interception by other RAT, e.g., Wi-Fi. Therefore, LAA with LBE-based LBT would have higher efficiency of resource usage than that with FBE-based LBT, and would be able to achieve comparable channel access with Wi-Fi since Wi-Fi is also equipped with a kind of LBE-based LBT. However, it is easy to assume that this LBE-based LBT leads larger specification/implementation impacts than FBE-based LBT. In addition, even if nodes within one operator are tightly synchronized, it would be difficult to achieve frequency reuse among nodes since CCA and transmission timings may be unaligned due to diverse interference condition among nodes. Such nodes within one operator may block each other once CCA timings of nodes become unaligned.
Another issue for LBE-based LBT is how to support the data transmission starting/stopping at the middle of a subframe as shown in Fig. 2-3. At the RAN1 LAA ad-hoc meeting, it was agreed that LAA supports transmitting PDSCH when not all OFDM symbols are available for transmission in a subframe according to LBT and also support delivering necessary control information for the PDSCH. Some restrictions on possible starting/ending OFDM symbols of the PDSCH may be necessary to reduce the complexity. Otherwise, the eNB needs to prepare various lengths of transmission signal for a first subframe while performing LBT to realize the transmission immediately after the CCA success. The UE may need to be informed of available OFDM symbols for the PDSCH reception. 
Table 2-2: LBT requirements for Load-Based-Equipment in Europe
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Figure 2-2: Example of LBE
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Figure 2-3: Example of start/end timing of data transmission at OFDM symbol boundary
3. Discussion on possible enhancements of LBT mechanisms
As explained in above section, both FBE-based and LBE-based LBT mechanisms have their own advantages and drawbacks. The main trade-off between FBE and LBE is that the comparable channel access with Wi-Fi and the frequency reuse for the transmission within one operator may not go together. However, according to the agreements on design target of LAA, both the comparable channel access with Wi-Fi and the frequency reuse for the transmission within one operator should be realized together. Therefore, possible enhancements to FBE-based and/or LBE-based LBT mechanisms should be further investigated to achieve those design targets. In addition, the impact of possible enhancements on the coexistence performance should be confirmed by simulation results.
Proposal 1: Possible enhancements to FBE-based and/or LBE-based LBT mechanisms should be further investigated to achieve agreed design targets.

3.1. Possible enhancements of FBE-based LBT mechanism
Some examples of possible enhancements to FBE-based and LBE-based mechanisms are discussed below.

In order to improve the efficiency of resource usage in FBE-based LBT mechanism, the shorter interval of CCA than the fixed frame period can be considered as argued in [6]. Fig. 3-1 shows an example of FBE with the short CCA interval. This short CCA interval can reduce the delay after traffic arrival and can improve the efficiency, although it needs to be discussed whether this enhancement/modification of FBE still fits into regulatory requirements. For FBE, a mechanism to avoid that one node/operator continuously transmits a number of bursts can also be considered, e.g., intentional muting after continuous transmission of several bursts as shown in Fig. 3-2, to ensure the fairness between LAA operators. In addition, to avoid the negative impact to the neighbor Wi-Fi compared with Wi-Fi-Wi-Fi coexistence case the idle period including CCA time should be carefully set even if the short channel occupancy time is assumed. Otherwise, when a very high traffic load is applied to the LAA node equipped with FBE-based LBT and once the LAA node seizes the channel, it may never give an opportunity of the channel access to the neighbor Wi-Fi due to the short idle period in the LAA node.
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Figure 3-1: Example of FBE with short CCA interval
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Figure 3-2: Example of FBE with intentional muting
3.2. Possible enhancements of LBE-based LBT mechanism

In order to achieve the frequency reuse for the transmission within one operator even with LBE-based LBT mechanism, we can consider two possible approaches. The first approach is to apply synchronized CCA timing among nodes within one operator. Similar to FBE-based LBT mechanism, if CCA timing among nodes can be aligned, the nodes do not block each other and hence a simultaneous transmission among nodes can be achieved. In the LBE-based LBT mechanism, for example, a fixed CCA timing can be introduced in addition to the normal load-based CCA as shown in Fig. 3-3. The second approach is to distinguish intra-operator interference in the CCA procedure. If it is possible, the node can start its transmission even during the transmission of other nodes within the same operator. However, it is not clear whether such the approach is allowed in regulatory requirements, and it requires an accurate estimation of intra-operator interference level and other interference level to avoid the collision to other systems. 
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Figure 3-3: Example of LBE with synchronized CCA timing
As explained in above section for LBE-based LBT, it was agreed that LAA supports transmitting PDSCH when not all OFDM symbols are available for transmission in a subframe according to LBT and also support delivering necessary control information for the PDSCH. Then the detailed design should be carefully considered. 
There are several options for the supported length of fractional subframe. Option 1 is to support all the possible length values from 1 OFDM symbol to 13 OFDM symbols. This method has the largest flexibility but also the highest overhead for length indication. Moreover, considering the PDCCH region and/or the location of RS, some length values are not necessary to be supported. Option 2 is to support partial length values, which are pre-defined or configurable by higher layer signaling. We should consider the effectiveness, overhead, and decoding accuracy when selecting the supported length values. 
If several lengths of the fractional subframe are supported, UE should be aware of the length of current subframe so as to decode it correctly. There are also several methods for the indication. For example, explicit L1 signaling from eNB can be used to indicate UE the length of fractional subframe. Alternatively, implicit method, in which UE calculates/estimates the length of fractional subframe by itself using pre-defined rules, is also possible.  
3.3. Numerical analysis on LBE-based LBT mechanisms
For LBE-based LBT, there are some proposals of detailed mechanisms, such as the mandatory ECCA procedure, the utilization on initial defer period, and the flexible contention window (CW). In addition, the parameters of LBE-based LBT, such as initial CCA time slot, ECCA time slot, CW size and CCA threshold also affect the coexistence performance. Since the system level simulation needs a lot of effort and long time, it may be difficult to evaluate all possible mechanisms and parameters of LBE-based LBT during LAA SI on time. 
Therefore, we conduct a simple numerical analysis on LBE-based LBT mechanisms by assuming a characteristic worst case of coexistence with Wi-Fi. In this analysis, it is assumed that 1 Wi-Fi transmitter and 1 LAA transmitter with LBE-based LBT coexist in vicinity on the same unlicensed carrier. In addition, full-buffer traffic is assumed for both transmitters. Then, following two metrics based on resource utilization are evaluated.
Fairness = (sum of Wi-Fi Tx time) / (sum of LAA Tx time)

Efficiency = (sum of Wi-Fi Tx time and LAA Tx time except collision time) / total time
As described above, we consider mainly three aspects below to categorize different LBE-based LBT mechanisms.

· Q1: Whether the transmission immediately after the initial CCA success is allowed or not?

· If the answer to Q1 is “No”, the mechanism always performs the ECCA procedure for each transmission.

· Q2: Whether the initial defer period is inserted when the back-off counter is frozen in ECCA procedure like Wi-Fi mechanism or not?
· If the answer to Q2 is “No”, ECCA procedure is continuously performed even when the back-off counter is frozen, like LBE Option B in EN 301 893 v1.8.0.

· Q3: Whether the contention window size is fixed or not?
· If the answer to Q3 is “No”, there are two possible options.

· N1: CW size is doubled after the collision is occurred like Wi-Fi mechanism.

· N2: CW size is doubled when ECCA procedure fails to find N unoccupied ECCA slots during q observation slots as specified in LBE Option A in EN 301 893 v1.8.0.
Table 3-1: Numerical evaluation results on coexistence performance of LBT mechanisms
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Evaluation results are shown in Table 3-1. Of course when two Wi-Fi transmitters coexist in vicinity with full-buffer traffic, they share the resource almost half and half. When some LAA LBT parameters and procedures are changed, the coexistence performance, i.e., fairness is significantly affected. However, we can observe that there are multiple approaches to achieve fair coexistence with Wi-Fi in this scenario even without initial defer period and exponential back-off, as shown in Case #2, #4, #6 in Table 3-1. For example, LBE Option B with some parameter adjustments and/or small modification can achieve fair coexistence with Wi-Fi. In addition, it is clearly observed that LBE Option A in EN 301 893 v1.8.0 cannot achieve fair coexistence with Wi-Fi since LAA with LBE Option A has less resource utilization than Wi-Fi even though minimum (i.e., most aggressive) parameters for LAA are assumed, as shown in Case #7.
Although it is not realistic that a large number of nodes serve full-buffer traffic in vicinity, it may be possible that two unlicensed nodes in vicinity serve large amount of traffic at the same time. It is preferable that LBT mechanism for LAA can ensure fair coexistence with other RAT such as Wi-Fi even in such a case. If a certain LBT mechanism can ensure fair coexistence with Wi-Fi in this scenario, the mechanism would also achieve good coexistence with Wi-Fi in case of realistic non-full buffer traffic with multiple nodes, i.e., in system level simulation. However, of course this kind of simple evaluation is not sufficient to draw any conclusion on the coexistence study. We should continue evaluating coexistence performance of LAA with various channel access mechanisms by using system level simulation with agreed evaluation assumptions and methodologies.
Observation 1: There are multiple approaches to achieve fair coexistence with Wi-Fi in the scenario where LAA coexist with Wi-Fi in vicinity with full buffer traffic even without initial defer period and exponential back-off
Observation 2: LBE Option A in EN 301 893 v1.8.0 cannot achieve fair coexistence with Wi-Fi in the scenario where LAA coexist with Wi-Fi in vicinity with full buffer traffic.

4. Conclusion 

In this contribution, we discussed on possible frame structures and corresponding LBT mechanisms for LAA DL, including both FBE-based mechanism and LBE-based mechanism.  In addition, simple numerical evaluations for LBT mechanisms in the context of coexistence with Wi-Fi were provided. Our proposals and observations are summarized below.
Proposal 1: Possible enhancements to FBE-based and/or LBE-based LBT mechanisms should be further investigated to achieve agreed design targets.

Observation 1: There are multiple approaches to achieve fair coexistence with Wi-Fi in the scenario where LAA coexist with Wi-Fi in vicinity with full buffer traffic even without initial defer period and exponential back-off
Observation 2: LBE Option A in EN 301 893 v1.8.0 cannot achieve fair coexistence with Wi-Fi in the scenario where LAA coexist with Wi-Fi in vicinity with full buffer traffic.
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