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1. Introduction
One of the biggest design aspects of LAA for LTE concerns the support of listen-before-talk (LBT) that is required for operation on the unlicensed band in some regions. In particular, the method of supporting LBT with the LTE frame structure, while still complying with the relevant regulations, needs to be agreed on. Related to frame structure, the following agreement was made in RAN1#79:
Agreements:

· DL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships  across serving cells aggregated by CA 
· At least for LBE, some signal(s) can be transmitted by eNB between the time eNB is permitted to transmit and the start of data transmission at least to reserve the channel
· This does not imply the data transmission can start only at the subframe boundary
· Possible restriction on starting position of data transmission can be considered
· The duration of this signals(s) is part of the maximum transmission duration

· The content/additional function/duration of this signal is FFS

· This does not imply network synchronization

In this contribution we discuss the support of LBT with the LTE frame structure in LAA SCell downlink and uplink.
2. Frame structure in support of LBT
The ETSI requirements specify two types of LBT, frame-based equipment (FBE) or load-based equipment (LBE) LBT. Modifications required to LTE downlink to support these are discussed in Section 2.1. Supporting LTE uplink is discussed in Section 2.2. 

It is noted that even though the SID sets a slightly higher priority to completing the DL-only scenario, the frame structure design should take UL into account from the start. Otherwise there might be a risk of ending up with a different solution for the UL/DL case, and in the worst case the UEs capable of DL-only might not be able to access the DL/UL LAA SCell. 
Support of LBT in downlink

The pros and cons of FBE and LBE in support of LAA downlink have been listed already in numerous contributions and are well known. Here we basically repeat our observations from [1] on FBE versus LBE –based LAA downlink operation:
Observations:

· FBE LBT for LAA downlink:
· Suits better the existing LTE frame structure.
· May lead to unfair channel access with other RATs, and between different LAA operators.
· May lead to increased latency due to limited possibilities of gaining access to the channel.
· May allow, at least in principle, taking advantage of LTE reuse-1 operation to some extent as transmission collisions are likely in a synchronized network.

· LBE LBT for LAA downlink:
· Minimizes channel access latency since the eNB is free to transmit as soon as the channel becomes idle and the (extended) CCA check is passed.
· Provides fairness with respect to other RATs and between different LAA operators.
· Requires special channel reservation signals to be introduced – increased overhead when the time instant of gaining access to the channel does not match with subframe boundaries.

The main drawback of LBE is that it requires a channel reservation signal to be transmitted to reach the subframe boundary without losing the channel access to other devices, increasing overhead (though it is noted that the channel reservation signal can also be at least partly useful, e.g. for synchronization). Still, in our view the benefits of LBE over FBE clearly outweigh its drawbacks. In particular, it clearly increases the chances of the eNB to gain access to the channel compared to FBE. Hence, our proposal is that LBT in LAA downlink should be based on the LBE channel access rules.

Proposal 1:

· The listen-before-talk operation in LAA downlink is based on the LBE channel access rules.

Frame structure for LBE-based LAA downlink

For DL-only SCells, LBE is simple to arrange with a DL-only subframe structure. The eNB performs (E)CCA, and once the access to the channel is gained, transmission of the channel reservation signal is done until the next data/control transmission opportunity, i.e. the next subframe boundary, unless the starting position of data transmission is relaxed. In order to use the transmission opportunity as well as possible, while taking into account the maximum channel occupancy time and the time required to transmit the channel reservation signal, it may be necessary to allow partial downlink subframes in the end of the transmission opportunity. This is naturally achieved using existing DwPTS structures.

As an alternative, in principle it would be possible to use the existing FS2 for DL-only SCells with LBE. This would allow a simple extension to DL/UL SCells using FBE for uplink as discussed in the next section. However, especially with UL-heavier configurations the efficiency of this approach will be poor as the eNB might not gain access to the channel during its DL subframes, or might gain access too late in order to be able to start the data transmission during the same DL period. 
Should LBE be adopted for LAA downlink, an additional question arises regarding whether the data transmission can still start and stop only at the subframe boundary, or whether this restriction should be relaxed. Considering the maximum channel occupancy time of 4 ms in Japan, the overhead due to the channel reservation signal may become too high unless some relaxations are introduced. A further question is whether the channel reservation signal should have a minimum length of a few symbols, e.g. for synchronization purposes. As discussed in [2], in our view data-associated synchronization should be enabled in LAA downlink by transmitting a synchronization signal in 1-2 symbols in the beginning of each transmission burst. Thus the channel reservation signal should have a minimum length of 1-2 symbols.

Figure 1 illustrates the worst case overhead in case of enabling a minimum length channel reservation or synchronization signal of 2 symbols versus no minimum length channel reservation signal, as well as in case the data transmission can occupy full subframes only versus relaxing the data transmission to start at any slot boundary and to stop at any OFDM symbol. In practice some additional restrictions may obviously be needed to the possible stop position of the data transmission, for instance based on the existing DwPTS configurations. It is further noted that the start position most likely can not be fully flexible either since the eNB requires some time to do the scheduling and prepare transport blocks of the correct size after ECCA.
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Figure 1. Illustration of worst case overhead in case of LBE in LAA downlink with 4 ms maximum channel occupancy time, with/without minimum length synchronization signal (SS) and restricted or more flexible data transmission and stop positions.
The worst case overhead figures in case of 4 ms maximum channel occupancy time, calculated in terms of OFDM symbols usable for data and control transmissions, are as follows:

· Full subframes only, minimum length SS: 50%
· Full subframes only, no minimum length SS: 25%
· Data transmission start at any slot boundary, stop at any OFDM symbol, min. length SS: 14.3%
· Data transmission start at any slot boundary, stop at any OFDM symbol, no min. length SS: 10.7%
From the worst case overhead numbers it becomes clear that it is essential not to restrict the data transmission to start/stop at the subframe boundaries. At the same time it can be said that compared to the overhead introduced by the restrictions in data transmission start and stop position, the minimum length channel reservation signal does not introduce a very significant additional overhead. Basically the additional overhead is 1.8% per symbol, or 3.6% for two symbols, in case of 4 ms channel occupancy time.
Observations:

· The overhead of LBE-based downlink is dominated by data start/stop transmission times restricted to subframe boundaries.
· A minimum length channel reservation or synchronization signal of 1-2 symbols adds only 1.8-3.6% to the worst case overhead in terms of OFDM symbols used for data transmission.
Accordingly, in our view the data transmission start and stop positions should not be restricted to subframe boundaries. For instance, the data transmission could be allowed to start at any slot boundary, and to stop more flexibly during the DL subframe based on any existing DwPTS configuration. However, when relaxing the start position of the data transmission, special care is needed with the related downlink control signaling, in particular such that the UE processing time for PDSCH is not reduced, and the UE data buffering requirements are not increased, compared to current LTE downlink. Furthermore, as discussed in more detail in [2], the channel reservation signal should have a minimum length of 1-2 symbols such that it can be used at least for synchronization in the beginning of each transmission burst.

Proposal 2:

· The channel reservation signal should have a minimum length of 1-2 symbols.

Proposal 3:

· The data transmission stop position is not restricted to the subframe boundary.
· Consider utilizing e.g. the existing DwPTS configurations to increase the flexibility.
Proposal 4:

· Consider relaxing the data transmission start position.
· For example, allow data transmission to start at any slot boundary.
Support of LBT in uplink
For uplink, it has been pointed out that FBE fits rather naturally the existing frame structure and could allow, in principle, multiple UEs to transmit simultaneously in UL due to simultaneous CCA check. Thus FDM in UL could be enabled, even though limited due to the transmission bandwidth requirements. It is noted though, that due to different timing advance values and also due to timing uncertainties, it is not entirely clear if FBE can always result in simultaneous transmission from multiple UEs in UL. As for the frame structure, the frame structure type 2 could be reused directly by using the GP in special subframes for the CCA check, and consequent UL subframes for the actual UL transmission. This is illustrated in Figure 2 (CCA checks not shown).
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Figure 2. An illustration of FBE-based UL using frame structure type 2 with UL/DL configuration 1. CCA for UL is performed during the guard period. For DL, (E)CCA can be performed at any time assuming LBE is used, however the DL transmissions are restricted to the fixed DL subframe locations.
Though FBE would enable a simple way to support UL in LAA SCells, it would, however, also have the same drawbacks as in downlink. In particular, due to limited CCA opportunities fixed in time, other RATs, LAA devices belonging to different operators’ networks or even LAA devices within the same operator’s network in case of an asynchronous network might block the access to the channel, causing unfairness. This combined with the fact that UL should be based on eNB scheduling (unless some kind of restricted autonomous UE-based UL is introduced) may cause very low probability of gaining access to the channel in UL. Another issue is that if downlink is based on LBE as proposed, also downlink performance would be significantly degraded since the downlink transmission opportunities need to be stopped at fixed positions, due to the semi-static UL/DL configuration. This may cause the downlink transmission opportunities to become very short after the (E)CCA check is passed, especially in case of UL-heavy configurations.
Observations:

· FBE LBT for LAA uplink:

· Allows direct reuse of frame structure type 2 – low specification effort.

· May allow, at least in principle, FDM UL due to (almost) simultaneous CCA at different UEs.

· Significantly limits the possibilities of the UE to gain access to the UL channel.

· Combined with LBE-based downlink, may degrade LAA downlink performance due to shortened DL transmission opportunities.

LBE on the other hand does not really fit with the existing FS2 due to limited UL opportunities, and the fact that the eNB is not aware of when the (E)CCA check is passed at the UE side. On the other hand, it could be considered whether the frame structure even needs to follow a typical fixed FS2-based split into DL and UL on LAA SCells. In FS2 the special subframes are in pre-defined locations basically due to coexistence issues which are now readily handled via the LBT procedure. Thus it could be considered that the duration of LBE-based DL and UL would follow the offered traffic and scheduling rather than a fixed UL/DL configuration. Special subframes could still be used for the DL/UL switching as well as for extending the downlink transmission opportunities beyond subframe boundaries, but the location of the special subframes would be allowed to be more flexible. 
Figure 3 illustrates LAA SCell operation where both DL and UL are based on LBE (CCA checks are not shown), and special subframes are used for switching from DL to UL. However the positions of the special subframes are allowed to be more flexible. Thus DL and UL follow traffic and scheduling rather than a fixed frame structure. Basically, the locations of UL subframes are known to the UE based on UL scheduling (UL grants), and similarly, the locations of DL subframes are known based on DL scheduling. Also, the UE can detect the start of DL data transmission from the channel reservation signals assuming they have a minimum length as has been proposed.
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Figure 3. Illustration of LBE-based LAA uplink using an FS2-like frame structure where the locations of UL/DL switching points and special subframes are based on the actual traffic and scheduling rather than on a fixed UL/DL configuration.
The (E)CCA check for uplink is done at the UE side before the start of the PUSCH transmission in the corresponding UL subframe. Obviously, upon giving an UL grant to the UE the eNB would not know whether or when the (E)CCA check is passed, however this anyway needs to be detected by the eNB. The eNB can, for example, schedule UL grants for multiple contiguous UL subframes, and the UE might get a possibility to transmit at least in some of them. This is in contrast to FBE-based UL in which, if the CCA check fails, the UE may get another possibility only after the next fixed frame period. The (E)CCA required by LBE could mean that some kind of channel reservation signals would be needed also in uplink. Though this approach may to some extent prohibit UL FDM, it allows, as mentioned, the UL transmission to start in any scheduled subframe rather than only in fixed positions as in case of FBE.
Of course, should such an LBE-based approach be adopted, it would need to be further considered if some subframes would still need to be e.g. fixed to DL, for instance subframe #0.
Clearly, compared to normal FS2-based operation and FBE-based UL, the efficiency of both DL and UL can be improved using the above approach. Also, unlike with normal FS2 with fixed subframe locations, following the 4 ms channel occupancy time in both UL and DL would become possible. The drawback is that this approach would cause slightly more specification impact than the FBE-based approach reusing FS2. For example, timing of the UL grants with respect to the actual UL transmission would need to be considered (note that DL timing and the corresponding ACK/NACK timing would remain the same as in case of DL-only LAA). Another issue is that channel reservation signals similar to DL might be required, with the related drawbacks such as the additional overhead. Also some RAN4 involvement could be needed to check the possible coexistence issues, even though LBT should take care of it.
Observations:

· LBE LBT for LAA uplink:
· Allows reuse of FS2 building blocks – however still with increased specification effort compared to FBE-based uplink.
· May significantly improve the possibilities of the UE of gaining access to the channel compared to FBE-based uplink.
· May improve the performance of LBE-based downlink – enables longer DL transmission opportunities.
· Reduces the possibilities of taking advantage of UL FDM.
· May require a channel reservation signal to be transmitted prior to UL data transmission.

Our current conclusion is that the LBE-based uplink based on FS2 building blocks and flexible UL/DL split seems promising. However, due to the slightly increased specification impact, we would still like to see further studies on LBE- and FBE-based uplink for LAA SCells.

Proposal 5:

· Study FBE- and LBE- based channel access rules for LAA UL further.

· For LBE, consider relaxing the fixed UL/DL split of FS2 and the location of the special subframes.
· Special subframes still used for switching from DL to UL.
3. Conclusion 
In this contribution we have discussed the channel access rules and frame structure to implement LBT in LAA downlink and uplink. Our proposals are summarized as follows:

Proposal 1:

· The listen-before-talk operation in LAA downlink is based on the LBE channel access rules.

Proposal 2:

· The channel reservation signal should have a minimum length of 1-2 symbols.

Proposal 3:

· The data transmission stop position is not restricted to the subframe boundary.

· Consider utilizing e.g. the existing DwPTS configurations to increase the flexibility.
Proposal 4:

· Consider relaxing the data transmission start position.

· For example, allow data transmission to start at any slot boundary.
Proposal 5:

· Study FBE- and LBE- based channel access rules for LAA UL further.

· For LBE, consider relaxing the fixed UL/DL split of FS2 and the location of the special subframes.
· Special subframes still used for switching from DL to UL.
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