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1 Introduction

Listen-Before-Talk (LBT) based adaptive channel access mechanism is considered as a key to ensure fair channel access to all users of the shared unlicensed spectrum [1][2]. An eNB using LBE performs a clear channel assessment (CCA) to assess the channel and obtain channel access. At the RAN1 #79 meeting, it was agreed that DL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships across serving cells aggregated by CA. Further, some signal(s) can be transmitted by eNB between the time when eNB is permitted to transmit and the start of the next subframe, at least to reserve the channel.

It should be noted that the CCA duration may not be an integral fraction of the OFDM symbol duration as the minimum requirement for CCA duration is 20us and the cyclic prefix lengths may change across symbols. Due to the random nature of interference experienced in the unlicensed spectrum, an LAA-LTE transmitter may potentially acquire the medium at any time in the middle of a subframe/symbol and not aligned with the subframe boundary. When the unlicensed channel availability is not aligned with the LTE subframe boundary, there will be a time gap or transmission of possibly redundant reservation signal causing loss in efficiency and resource utilization. Since the time duration from grabbing the shared channel until the next subframe boundary for actual data transmission can be up to 13 OFDM symbols, it is desirable to effectively exploit this valuable yet unused duration (i.e. partial subframe) for data transmission to improve the LAA system throughput performance, since it is counted as part of the maximum transmission duration. Note that without using fractional subframe for transmission, the spectral efficiency loss can be order of 25%. 
In this contribution, we propose schemes for PDSCH transmission in the fractional subframe. Section 2 discusses the design of extended subframe utilizing the unused partial subframe. Sections 3 and 4 discuss PDCCH and EPDCCH designs. Section 5 describes TB size determination for the extended subframe. Finally Section 5 concludes our design considerations. 
2 LAA PDSCH transmission 
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Figure 1:  PDSCH transmission with extended subframe
As discussed in the introduction section, LAA may have unused symbols after CCA and possibly preamble transmission.  Figure 1 describes our overall design of LAA burst which schedules PDSCH over the fractional subframe.  The design proposes extended subframe design for the first and last subframe spanning more than 1ms and incorporating the fractional subframe. We first discuss, several techniques for scheduling PDSCH transmission in a fractional subfame in an LAA system using PDCCH and EPDCCH.  We propose to define newer definitions of TB sizes for different possible subframe duration. Note that other than the initial partial subframe and the first regular (non-partial) subframe for the rest of subframes the legacy (E)PDCCH is applied.
3 (E)PDCCH considerations
(E)PDSCH in the extended subframe can be scheduled based on following two options. 
1) In first alternative, (E)EPDCCH is present in every sub-frame including the fractional sub-frame.  Specifically, PDSCH in subframe n is scheduled by (E)PDCCH present in subframe n. In this option, TTI is maintained at 1ms. The drawback of this option is that the number of available symbols in the fractional subframe needs to be sufficient enough for (E)PDCCH allocation. Otherwise, the resources can be underutilized if PDSCH cannot be transmitted in the fractional subframe. 

2) As an alternative, we can define a longer Super-TTI with duration more than1ms covering the fractional subframe and the regular subframe following it (or the regular subframe and fractional subframe following it). In this design, one (E)PDCCH can schedule the PDSCH on the fractional and regular subframe.
For the various TTI options we can further classify the (E)PDCCH design based on the location. 

1. Option 1 ((E)PDCCH in  in fractional sub-frame)

a. Option 1-1: Fractional-TTI

b. Option 1-2: Super TTI

2. Option 2 ((E)PDCCH in normal subframe)

a. Option 2-1: Fractional-TTI
b. Option 2-2: Super TTI
Based on the above option, we next elaborate the design options of scheduling PDSCH.  
4 (E)PDCCH based designs 

4.1.1  Option 1-1: (E)PDCCH in fractional sub-frame with fractional TTI
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Figure 2 Option 1-1
In this option, (E)PDCCH can be transmitted in each subframe, including fractional TTI. Figure 1 and 2 show possible scheduling options.  This option is limited for the self-scheduling on the unlicensed carrier. (E)PDCCH is conditionally present in the fractional subframe burst depending on the available number of OFDM symbols. The DCI in the (E)PDCCH schedules only the PDSCH on which it is present. 
4.1.2 Option 1-2: (E)PDCCH in fractional sub-frame with Super TTI

.
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Figure 3: Option 1-2
In this option, (E)PDCCH can be transmitted in the LAA serving cell (or the unlicensed carrier) using self-scheduling. (E)PDCCH is conditionally present in the fractional subframe for the first extended subframe of the LAA burst depending on the available number of OFDM symbols.  The DCI is present in the fractional subframe, determining the PDSCH information for the partial and the extended subframe.  For the second extended subframe (present at the end of LAA burst), the (E)PDCCH is present at the start of the extended sub-frame, however, describing the resource allocation for the last subframe. 
4.1.3 Option 2-1: (E)PDCCH in regular sub-frame with Fractional TTI
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(b) with EPDCCH

Figure 4: Option 2-1
In this option, (E)PDCCH is present in the regular subframe following the fractional subframe. (E)PDCCH transmission begins at the start of the normal subframe boundary, either on the licensed PCell or unlicensed SCell. (E)PDCCH schedules PDSCH on the fractional and regular subframe using two different DCI. As an alternative to schedule PDSCH in fractional TTI from PDCCH in regular TTI, PDSCH transmission in fractional TTI can be based on semi-static resource configuration (e.g. SPS-like resource allocation).

4.1.4 Option 2-2: (E)PDCCH in regular sub-frame with Super-TTI

In this option, (E)PDCCH is present at the start of the normal subframe boundary. The first (E)PDCCH can schedule PDSCH transmission in the first fractional subframe and the regular subframe portion of the extended subframe using a single DCI. 
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(b) EPDCCH

Figure 5  Option 2-2
In contrast to option 1-1, and 1-2, options 2-1 and 2-2 can support both self-carrier and cross carrier scheduling. A drawback of the option 2-1 and 2-2 is that the UE needs to store PDSCH before PDCCH for the fractional subframe.
5 Transport block size determination

For PDSCH transmission in regular DL sub-frames, TBS determination is based on the combination of the resource allocation size and the MCS index, as in current LTE standard. 

For fractional subframe, the number of the OFDM symbols can dynamically vary from 1 to 13 symbols. Thus, TBS determination should be adjusted to account for fewer OFDM symbols. 
A new TBS can be defined for various allocation sizes. Alternatively, a scaling factor can be used to scale the existing TBS according to the extra available resources. 

6 Conclusions

In this contribution, we discuss the potential benefit from using fractional subframe due to LBT operation in LAA. Various design options are discussed for how to use the fractional subframe for PDSCH transmission in order to maximize the LAA performance. Based on the discussion, we have made following observation and proposal.
Observation: The throughput gain from utilizing fractional subframe in LAA due to LBT operation can be order of 25%.
Proposal: Make the fractional subframe available for data transmission. Detailed modifications to the conventional LTE design should be further discussed.
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