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1. Introduction

In RAN1#78bis, the following functionalities are agreed as required at least to meet regulatory requirements in some regions/bands for an LAA system [1].

· Listen-before-talk (Clear channel assessment)

· Discontinuous transmission on a carrier with limited maximum transmission duration

· Dynamic frequency selection for radar avoidance in certain bands/regions

· Carrier selection
· TPC
Among those functionalities, LBT (Listen-before-talk) can be considered as a pre-requisite functionality for coexistence of LAA with inter-operator/RAT networks. In this paper, we discuss details of the LBT operation of LAA and suggest some principles of LBT operation and the related enhancements.
2. Proposed DL/UL LBT operation
2.1. DL LBT operation

In RAN1#79, the following is agreed as for DL LBT operation in LAA. Following the agreements, we assume DL transmission in U-cell (e.g. unlicensed band cell) is defined per-subframe which is aligned with L-cell (e.g. licensed band cell) in CA relationship. That is, transmission of each PDSCH is confined within each subframe of U-cell. We also assume same principle for PUSCH transmission in U-cell UL. In the following, “TX burst” means transmission of PDSCH (or PUSCH) via single “listen and talk” operation and may consist of single subframe or multiple consecutive subframes.
	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


· LBE-based DL LBT operation

As an approach to satisfy EU regulation on LBE-based LBT mechanism, we suggest the following as an assumption for LBE-based LBT operation of LAA DL.
· eNB can start CCA at any timing in any subframe (FFS for some restriction to the CCA start timing)
· After idle channel detection (including possible extended CCA), FFS between

· option 1) eNB can start transmitting a TX burst at the consequent subframe boundary
· option 2) eNB can start transmitting a TX burst at any timing in a subframe (FFS for some restriction to the TX burst start timing)
· eNB can transmit reservation signal to reserve channel between idle channel detection and TX burst transmission

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Figure 1 below illustrates suggested DL LBT operation with option 1) considering LBE regulation.
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Figure 1. Suggested DL LBT operation considering LBE

· FBE-based DL LBT operation

As an approach to satisfy EU regulation on FBE-based LBT mechanism, we suggest the following as an assumption for FBE-based LBT operation of LAA DL.

· eNB can start CCA at timings predefined by period and offset advanced to U-cell SF boundary
· After idle channel detection, eNB can start transmitting a TX burst at the consequent subframe boundary

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Figure 2 below illustrates suggested DL LBT operation considering FBE regulation, where CCA period is assumed as 4 subframes.
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Figure 2. Suggested DL LBT operation considering LBE

· LBE vs. FBE for DL LBT operation

With the suggested LBT operations so far, main difference between LBE and FBE is CCA start timing and introduction of reservation signal, which could be deployed mainly by different eNB implementations. In the system performance aspect, we showed tradeoffs between LBE and FBE in different scenarios [3]. Therefore, one possibility is to develop an LAA specification which supports both LBE-based and FBE-based DL LBT operations where the choice is given to each network.
To allow eNB operations compliant with both LBE and FBE, the followings could be considered to be supported by specifications

· Controllability of existence of DL transmission gap in a subframe

· (If flexible TX burst start timing is necessary for LBE based operation) controllability of flexible PDSCH and/or (E)PDCCH start timing in a subframe
Suggestion 1: For LBE-based DL LBT operation, the following is assumed.

· eNB can start CCA at any timing in any subframe (FFS for some restriction to the CCA start timing)

· After idle channel detection (including possible extended CCA), FFS between

· option 1) eNB can start transmitting a TX burst at the consequent subframe boundary

· option 2) eNB can start transmitting a TX burst at any timing in a subframe (FFS for some restriction to the TX burst start timing)

· eNB can transmit reservation signal to reserve channel between idle channel detection and TX burst transmission

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 2: For FBE-based DL LBT operation, the following is assumed.

· eNB can start CCA at predefined timing by period and offset advanced to U-cell SF boundary

· After idle channel detection, eNB can start transmitting a TX burst at the consequent subframe boundary

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 3: Consider supporting both LBE-based and FBE-based LBT operation for LAA DL
2.2. UL LBT operation

For LAA UL, it is reasonable to keep same assumption as in LAA DL regarding subframe boundary alignment. That is,

· UL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships  across serving cells aggregated by CA 
· This does not imply network synchronization
Regarding LBT operation for LAA UL, it is appropriate to fix the timing relation between eNB scheduling and UE transmission as in legacy LTE system. Also, it is beneficial to define a common CCA start timing among the UEs in a same U-cell for efficient FDM or TDM of different UEs’ UL transmissions. Therefore, we suggest the following as an assumption for LBT operation of LAA UL, which may be compliant with FBE regulation.
· UE’s CCA start timing for UL transmission is predefined by period and offset advanced to U-cell SF boundary (Typically, CCA period can be 1ms)
· If a UE is scheduled to start transmitting TX burst in subframe n, UE starts TX burst transmission at the start of subframe n if idle channel is detected in the CCA operation preceding subframe n.

· UL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Figure 3 below illustrates suggested UL LBT operation, where maximum CCA period is assumed as 1 subframe. It should be noted that CCA gap in the figure between consecutive TX bursts of a same UE may not be necessary depending on further design.
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Figure 3. Suggested UL LBT operation

In EU regulation on LBT, SRS may be considered as “short control signaling transmission” so that a UE can transmit SRS without LBT operation [4]. On the other hand, LBT may have to be applied for SRS to avoid possible collision with other node’s transmission and to be compliant with Japanese regulation [5].
In order to allow SRS-only transmission in a subframe and/or multiplexing of SRS and PUSCH of different UEs in a same subframe, we may consider 3 approaches as follows, which are illustrated in figure 4.

Approach 1) introducing separate CCA gap for SRS transmission within a SRS subframe

Approach 2) SRS is transmitted in the first OFDM symbol of a SRS subframe and share same CCA gap for PUSCH transmission
Approach 3) shortened SRS is time-multiplexed with CCA gap in a same OFDM symbol
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Figure 4. SRS transmission with LBT

Option 1 may not be compliant with FBE regulation since two different frame timings are defined for a UE for PUSCH and SRS. However, all options could be considered further in the complexity and performance points of view. 
Suggestion 4: UL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships across serving cells aggregated by CA 

· This does not imply network synchronization
Suggestion 5: For UL LBT operation, the following is assumed.

· CCA start timing for UL transmission is predefined by period and offset advanced to U-cell SF boundary (Typically, CCA period can be 1ms)
· If a UE is scheduled to start transmitting TX burst in subframe n, UE starts TX burst transmission at the start of subframe n if idle channel is detected in the CCA operation preceding subframe n.

· UL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 6: SRS transmission with LBT should be studied further

2.3. Multi-user multiplexing & DL-UL multiplexing with LBT
Following the DL/UL LBT operations suggested in the previous section, multi-user multiplexing by FDM in a same subframe or TDM in consecutive subframes can be supported. Also, TDM of DL-UL transmission in consecutive subframes can be supported. Figure 5 depicts an example of DL-UL TDM in a U-cell assuming LBE-based LBT in DL. Consequently, we suggest the followings.
Suggestion 7: For LAA DL/UL transmission with LBT, at least the following multiplexing operations are supported

· multiplexing multi-user DL transmissions via FDM in a same subframe and TDM in consecutive subframes

· multiplexing multi-user UL transmissions via FDM in a same subframe and TDM in consecutive subframes

· multiplexing DL-UL transmission via TDM in consecutive subframes
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Figure 5. Example of LBT operation of a U-cell with DL-UL TDM

2.4. Collision & Unfairness handling
In a DL/UL LBT operation where CCA start timing is fixed as in FBE, there can be problem of collision or unfairness in channel access as follows.

1. Synchronized collision problem: If CCA timing is fully synchronized between neighbour cells, eNBs or UEs of neighbour cells may not detect each other’s transmission and result in collision. This may or may not be a problem depending on whether intra-operator cells want to avoid collision or not or whether inter-operator cells can happen to be synchronized consistently or not.
2. Consistent unfairness problem: If CCA timing relationship between two neighbour cells is fixed, channel access of a cell with late CCA timing can be always deprioritized to another cell with preceding CCA timing, which results in unfairness problem.
Synchronized collision problem may be handled, for example, by introducing randomness between CCA start timing and transmission start timing, which may require introducing reservation signal even for FBE-based operation as depicted in figure 6(a). Consistent unfairness problem may be handled similarly as the synchronized collision handling by introducing randomness in transmission start timing or inhibiting transmission in different subframes of different cells so that a late-timing cell can have a chance to start transmission at least in those subframes as depicted in figure 6(b).

Suggestion 8: For LBT operation with fixed CCA timing as in FBE, handling potential problems of synchronized collision and consistent unfairness in channel access should be studied further
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(a) Introducing random transmission start timing
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(b) Inhibiting transmission in some subframes
Figure 6. Examples of handling synchronized collision and consistent unfairness

2.5. Consideration on maximum channel occupancy time

As captured in [5], EU and Japanese regulations in unlicensed band consist of maximum channel occupancy time. In order to fully utilize the radio channel under such a regulation, it may be beneficial that PDSCH/PUSCH transmission of a TX burst can be finished at an arbitrary timing within a subframe. This could be mainly beneficial with LBE-based LBT operation in LAA DL where arbitrary length of reservation signal can be attached before a TX burst.
Suggestion 9: Flexible DL/UL TX burst ending time within a subframe should be studied further considering regulations on maximum channel occupancy time

2.6. CSI enhancements with LBT
As discussed in other LG papers [6][7], the nature of discontinuous transmission and collision avoidance of LBT operation requires enhancements to the CSI measurement/feedback for LAA. In general, we consider two categories of CSI enhancements.
1. Interference measurement: Since LBT operation would mute neighbour cells’ transmission during DL transmission of a cell, interference measurement during a DL TX burst rather than arbitrary time should be suitable for DL CSI calculation of a cell. Moreover, CSI-IM may have to be distributed over more symbols of more subframes to average out the short-term interference in unlicensed band.
2. CSI feedback latency: Due to fast time-varying characteristics of interference with LBT operation, it may be beneficial to reduce the CSI feedback latency.

Suggestion 10: CSI measurement and feedback in LAA should be enhanced considering interference variation due to LBT operation
3. Summary and conclusions

In this paper, we discussed details of the LBT operation of LAA and suggested some principles of LBT operation and the related enhancements. The suggestions of this paper are summarized as follows.
Suggestion 1: For LBE-based DL LBT operation, the following is assumed.

· eNB can start CCA at any timing in any subframe (FFS for some restriction to the CCA start timing)

· After idle channel detection (including possible extended CCA), FFS between

· option 1) eNB can start transmitting a TX burst at the consequent subframe boundary

· option 2) eNB can start transmitting a TX burst at any timing in a subframe (FFS for some restriction to the TX burst start timing)

· eNB can transmit reservation signal to reserve channel between idle channel detection and TX burst transmission

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 2: For FBE-based DL LBT operation, the following is assumed.

· eNB can start CCA at predefined timing by period and offset advanced to U-cell SF boundary

· After idle channel detection, eNB can start transmitting a TX burst at the consequent subframe boundary

· DL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 3: Consider supporting both LBE-based and FBE-based LBT operation for LAA DL
Suggestion 4: UL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships across serving cells aggregated by CA 

· This does not imply network synchronization
Suggestion 5: For UL LBT operation, the following is assumed.

· CCA start timing for UL transmission is predefined by period and offset advanced to U-cell SF boundary (Typically, CCA period can be 1ms)

· If a UE is scheduled to start transmitting TX burst in subframe n, UE starts TX burst transmission at the start of subframe n if idle channel is detected in the CCA operation preceding subframe n.

· UL transmission gap for CCA can be introduced in the end of subframe for LBT operation over consecutive subframes

Suggestion 6: SRS transmission with LBT should be studied further

Suggestion 7: For LAA DL/UL transmission with LBT, at least the following multiplexing operations are supported

· multiplexing multi-user DL transmissions via FDM in a same subframe and TDM in consecutive subframes

· multiplexing multi-user UL transmissions via FDM in a same subframe and TDM in consecutive subframes

· multiplexing DL-UL transmission via TDM in consecutive subframes

Suggestion 8: For LBT operation with fixed CCA timing as in FBE, handling potential problems of synchronized collision and consistent unfairness in channel access should be studied further

Suggestion 9: Flexible DL/UL TX burst ending time within a subframe should be studied further considering regulations on maximum channel occupancy time

Suggestion 10: CSI measurement and feedback in LAA should be enhanced considering interference variation due to LBT operation
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