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1. Introduction
In RAN#68, the study item on licensed-assisted access (LAA) using LTE on unlicensed spectrum [1] was closed, with the technical report approved in [2]. In addition, a work item on LAA [3] was approved to specify DL-only LAA while taking into account some of the UL design. The specification work should follow the recommendations and agreements in the study item phase, and further narrow down the detailed design.
For LAA, the following has been agreed on PDSCH transmission in RAN1 LAA ad hoc meeting: 
Agreements: 
· LAA supports transmitting PDSCH when not all OFDM symbols are available for transmission in a subframe according to LBT, also support delivering necessary control information for the PDSCH 
· FFS starting/ending OFDM symbols of the PDSCH 
Category 4 listen-before-talk (LBT) has been recommended for PDSCH. With Cat 4 LBT, the (e)CCA can succeed at any time. So DL transmission with PDSCH can potentially start anywhere in the middle of a subframe. Several options have been further identified in RAN1#81 to support PDSCH transmissions starting at an OFDM symbol other than the subframe boundary:
Agreements: 
· At least the following options are identified as possible candidates for PDSCH transmission in a DL subframe on a LAA Scell 
· Option 1: A DL transport block is only transmitted on a subset or all of the OFDM symbols in the DL subframe 
· Option 2: A DL transport block is transmitted on a subset of the OFDM symbols in the DL subframe and all OFDM symbols in the next or the previous subframe
· Option 3: A DL transport block is transmitted on a subset of OFDM symbols in the DL subframe and a subset of the OFDM symbols in the next or the previous subframe within a TTI less than or equal to 1ms or in a subset or all OFDM symbols in one subframe
· Note: This does not preclude the possibility of using different options for different subframes 
Further in RAN1#82, the following was agreed:
Agreements:
· The following option is excluded for PDSCH transmission in a DL subframe on a LAA SCell
· Option 2: A DL transport block is transmitted on a subset of the OFDM symbols in the DL subframe and all OFDM symbols in the next or the previous subframe (i.e. Super TTI)
· Further study on the following options for PDSCH transmission in a DL subframe on a LAA SCell considering spectrum efficiency, eNB/UE complexity, etc
· Option 1: A DL transport block is only transmitted on a subset or all of the OFDM symbols in the DL subframe (i.e. Partial TTI)
· Option 3: A DL transport block is transmitted on a subset of OFDM symbols in the DL subframe and a subset of the OFDM symbols in the next or the previous subframe within a TTI less than or equal to 1ms or in a subset or all OFDM symbols in one subframe (i.e. Floating TTI)
In this contribution, we discuss these options, and also the delivery of the corresponding DCI to the UE.

2. PDSCH Transmissions
Option 1 and option 3 for PDSCH transmission are illustrated in Figure 1. The agreements allow using different options for different subframes, so strictly speaking, there are more than three options available for a PDSCH transmission burst. But here we choose the ones that make the most sense.
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Option 1: The initial and potentially the last subframes are partial subframes that carry independent transport block(s).
· For the last partial subframe, it is preferable to reuse the existing design for DwPTS as much as possible, including restricting the set of the number of OFDM symbols when PDSCH transmission can occur, and the corresponding DMRS pattern.
· For the first partial subframe,
· It needs to be discussed how to deliver the corresponding DCI, taking into account the impact on both eNB and UE complexity.
· The DMRS pattern also needs to be considered. Again it is preferable to reuse/adapt the existing DMRS pattern rather than designing completely new ones.
· How to restrict the set of the number of OFDM symbols needs to be considered. The size of the set directly impacts the eNB/UE complexity.
Option 3: a floating TTI (<= 1 ms) which does not necessarily align with the subframe boundary
· The main advantage of this approach is that it allows easier eNB preparation at the scheduler. Because the initial TTI is always one ms (unlike other options where there can be a few possibilities for the TTI length depending on when the (e)CCA succeeds), the eNB can simply prepare the transmission for 1 ms.
· For channel estimation, there should be no change for CRS-based transmission scheme because the channel can be interpolated across subframes anyway. For DMRS-based transmission scheme, the intention is to use the DMRS REs within the PDSCH TTI. The means that there should at least be some restrictions on the TTI starting point in order not to split two adjacent DMRS REs under an orthogonal cover.
· The floating TTI causes one complication in UE channel estimation. For each PDSCH, depending on where the TTI starts, the DMRS appears in different OFDM symbols within the TTI. The UE would need to handle the channel estimation in a slight different way for each transmission.
· It could result in significant changes in UE implementation due to the timing misalignment among the component carriers.
· The potential solutions for DCI delivery are very similar to those for option 1, which will be discussed in more detail later.
Proposal 1: Option 1 (i.e. the option with partial TTI) is supported, with a limited number of starting positions to reduce complexity.

3. DCI transmission
2.1 General discussion
PDCCH and EPDCCH
Typically it is considered natural to support both PDCCH and EPDCCH on a LAA SCell, same as on a LTE carrier. However, since LAA carriers do not support any legacy UEs, there is no backward compatibility requirement. So it can allow some design that would not be possible for a backward compatible carrier. One example is the CRS overhead reduction, including removing or reducing CRS in some subframes. Generally speaking, PDCCH can still be supported in subframes where CRS is transmitted (even if it is truncated as in MBSFN subframes).
Proposal 2: Both PDCCH and EPDCCH are supported on LAA SCell.
If it is agreed not to transmit CRS in some subframes on LAA SCell, PDCCH cannot be transmitted in these subframes.
Whether PCFICH needs to be transmitted in a subframe depends on whether PDCCH is transmitted. But in any case, LAA SCell should work with EPDCCH only, without PDCCH being configured (no common search space needed). Therefore LAA SCell should allow CFI = 0, meaning that PCFICH is not transmitted, and PDSCH/EPDCCH transmission can start from OFDM symbol 0.
Proposal 3: PDSCH/EPDCCH transmission can be configured to start from the first OFDM symbol on LAA SCell.

Self-scheduling and cross-carrier scheduling for DL
There are some obvious reasons to support self-scheduling for DL on LAA SCell:
· There could be a large number of unlicensed carriers configured with a single licensed carrier. If all the unlicensed carriers are cross-scheduled by the licensed carrier, it can use a significant amount of resources on the licensed carrier, either causing control channel capacity issue or leaving little resources to serve the non-LAA UEs.
· If the scheduling cell is a TDD cell, some DL and/or UL subframes on the LAA carrier are not schedulable unless cross-subframe or multi-subframe scheduling is introduced.
One potential issue with self-scheduling is the less reliable transmission on a LAA carrier compared to a licensed carrier due to larger interference variation on a LAA carrier. It is recognized that (E)PDCCH and PDSCH are transmitted in the same subframe. If the increased interference results in a missed grant, the PDSCH signal is also affected by the increased interference. It may be argued that this may not result in a significant performance loss since the packet has poor quality anyway. However, (E)PDCCH has a much more stringent BLER requirement than PDSCH, because unlike PDSCH, (E)PDCCH cannot rely on HARQ. A slight increase in the interference level may corrupt the (E)PDCCH decoding, but the PDSCH transmission can still carry useful soft information even if it cannot be decoded in one subframe, which means that receiving the PDSCH transmission in this case is still useful. One potential approach to guarantee (E)PDCCH performance is to use a much more conservative aggregation level taking into account the more bursty environment, but this would certainly consume more resources. Therefore it is still beneficial to support cross-carrier scheduling, which provides more reliable transmission for DL grant.
It should be noted that even though cross-carrier scheduling would use more DL resources on the licensed carrier, it provides more resources for PDSCH transmission on the LAA SCell and more data traffic offload from the licensed carrier. As long as (E)PDCCH capacity on the licensed carrier is not an issue (especially for EPDCCH which has unrestricted capacity), cross-carrier scheduling could potentially be more efficient.
One major issue with cross-carrier scheduling is the difficulty in the eNB scheduling timing. Usually the eNB needs to perform the scheduling for (E)PDCCH in advance (e.g. 1 ms before the actual transmission). At this time, the eNB may not always know whether it would be allowed to transmit on the LAA carrier(s) due to LBT, even when it has data to schedule.
· If the eNB does the scheduling without considering the LAA carrier(s), it may result in the case where the (E)PDCCH for the LAA carrier(s) can no longer be scheduled after (e)CCA check success due to lack of resources on the licensed carrier.
· If the eNB does the scheduling assuming transmissions on the LAA carrier(s), it would result in the waste of resource on (E)PDCCH if (e)CCA check fails later.
If this issue can be resolved in a satisfactory way, cross-carrier scheduling should be supported as well.
Proposal 4: Self-scheduling is supported for DL on LAA SCell. FFS cross-carrier scheduling.

2.2 Considerations for partial subframes or floating TTI
Option 1
In option 1, for the full subframe and the last partial subframe, the length of PDSCH transmission (full subframe or the number of symbols in a partial subframe) can potentially be derived implicitly from the maximum channel occupancy time. However, this would require the UE to accurately detect the starting point of a PDSCH transmission burst. It can be affected by either missed detection or other operations like DRX (where a UE wakes up in the middle of a transmission burst).
So a more robust approach is to have an explicit indication in the DCI.

Proposal 5: If option 1 is adopted, the full subframe and the last partial subframe should share the same DCI format, with a field added to explicitly indicate the PDSCH transmission length.

The potential solutions for transmitting DCI for the initial partial subframe transmission include a combination of a few different dimensions:
· Self-scheduling or cross-carrier scheduling
· PDCCH or EPDCCH
· DCI transmitted in the current subframe or in the subsequent full subframe

If we assume DCI is transmitted only after the eNB successfully performs (E)CCA, cross-carrier scheduling with (E)PDCCH in the current subframe is not always possible because it may already be in the middle of a subframe when (E)CCA succeeds and the transmission on the scheduling carrier has already started. Except for this, all other combinations are feasible, with the pros and cons being analyzed below.
1. Self scheduling with PDCCH(-like) in the current subframe
In this case, the PDCCH is not exactly the same as in Rel-12. PDCCH is currently being transmitted in the first 3 OFDM symbols, which can no longer work for the initial partial subframe transmission on LAA. But LAA can largely reuse the design of PDCCH, but start the transmission only after it grabs the channel. The number of symbols can be either dynamically signaled using a PCFICH-like channel, or fixed (e.g. it can be less than 3 to save overhead, when the number of OFDM symbols for PDSCH transmission is small). The position of this new PDCCH can be either immediately after the initial signal, or fixed in the last few OFDM symbols in the subframe. However, fixing it in the last few symbols would become very similar to option 3 below (PDCCH in the subsequent full subframe) in terms of UE buffering requirement, but require more specification changes. So it may not be worthwhile to consider this further, and the following analysis focus on the case where the new PDCCH starts right after the initial signal.
Pros: No additional buffering required at the UE compared to the legacy PDCCH operation.
Cons:
· Because the starting position of PDCCH is variable, it requires the UE either to blindly detect the starting position, or rely an alternative mechanism to detect the starting position. This means additional UE complexity.
· Even though it can largely reuse the legacy PDCCH design, there are still some specification changes expected:
· The CCE mapping would be different from the legacy PDCCH due to no presence of PHICH and different presence of reference signals (CRS, CSI-RS, DMRS). Depending on which OFDM symbols the new PDCCH channel occur, the presence of the reference signals would be different.
· The reference signals for PDCCH demodulation need to be re-considered. A straightfoward approach would be to simply adopt a truncated CRS pattern for the new PDCCH decoding, i.e., use the CRS in the remaining subframe.
· It is additional UE complexity because the UE needs to decode a different version of PDCCH.
2. Self scheduling with EPDCCH in the current subframe
Similar as in Alternative 1, EPDCCH would start the transmission after the eNB gets the channel access.
Pros: No additional buffering required at the UE compared to the legacy EPDCCH operation.
Cons:
· Similar as in Alternative 1, it requires the UE either to blindly detect the starting position of EPDCCH transmission, or rely an alternative mechanism to detect the starting position. This means additional UE complexity.
· There may be additional specification impact due to the variation in the number of remaining symbols in the subframe. For example, some modification may be necessary to ensure the reliable transmission of EPDCCH since the number of remaining symbols is smaller than that in a regular subframe. This would result in additional UE complexity.
For EPDCCH, there is a similar issue on reference signals for EPDCCH demodulation as in Alternative 1. However, EPDCCH is demodulated using DMRS, similar to PDSCH. So as long as DMRS-based transmission scheme is supported for PDSCH in the partial subframe, the same approach can be used for EPDCCH. 
3. Self scheduling with (E)PDCCH in the subsequent full subframe
DCI for the current partial subframe can be transmitted in the next subframe using (E)PDCCH on the same LAA carrier.
Pros:
· No or little change on (E)PDCCH transmission/decoding in either specifications or UE implementation.
· The starting position of PDSCH in the partial subframe can be indicated in the DCI. So no blind detection or alternative mechanism is required at the UE to detect the starting position.
Cons: When DCI is transmitted in the next subframe, it requires the UE to buffer all the data symbols before DCI is successfully decoded in the next subframe. This requires more UE buffering compared to the legacy behavior. E.g. comparing DCI in PDCCH (or EPDCCH) in the next subframe vs. in the current subframe, it requires roughly additional buffering of a whole subframe.
4. Cross-carrier scheduling with (E)PDCCH from a licensed carrier in the subsequent full subframe
This is similar to Alternative 3 except that cross-carrier scheduling is used instead of self-scheduling. It has similar pros and cons as Alternative 3.
Comparing these different approaches, Alternatives 3 and 4 requires minimum change in the DL control channel, and it requires no blind detection on the starting position of the transmission, but it can require up to one subframe additional buffering at the UE. Alternatives 1 and 2 on the other hand do not require additional buffering, but they involve more specification impact and UE complexity to handle a new (E)PDCCH, and the UE also needs to blindly detect the starting position of the transmission.
Weighing the pros and cons of these approaches, it seems worthwhile to consider Alternatives 3 and 4 which add additional buffering capability at the UE to avoid the complexity associated with modifying (E)PDCCH and blind detection of the starting position. In addition, Alternatives 3 and 4 allow a unified approach to support self-scheduling and cross-carrier scheduling, while cross-carrier scheduling cannot be supported with Alternatives 1 and 2. Of course this depends on how much UE cost is associated with the additional buffering needed.

Proposal 6: If option 1 is adopted, it should be considered to use (E)PDCCH in the next subframe for either self-scheduling or cross-carrier scheduling to carry DCI for the initial partial subframe in LAA DL.

With Alternative 3 or 4, other than having separate DCI for the partial subfrrame and the full subframe, one optimization that can be done to reduce the overhead is to share the same DCI for two subframes, e.g. the same MCS and resource allocation, even though they carry independent transport blocks.

Option 3
One unique issue for (E)PDCCH for option 3 is whether (E)PDCCH timing is aligned with subframes in PCell or the floating TTI timing.
If the (E)PDCCH timing is aligned with the PCell subframes, the consideration on DCI delivery for option 3 is similar to that for option 1 to a large extent.
· Alternatives 1 and 2 still apply to option 3.
· Using PDCCH in Alternatives 3 and 4, or using EPDCCH in Alternative 4 also works for option 3.
· However, using EPDCCH in Alternative 3 can be problematic because the EPDCCH would span the whole subframe, and it overlaps with the next TTI. So there would be some potential conflict between PDSCH and EPDCCH resource allocation, which would make it difficult to efficiently use the resources.
If the (E)PDCCH timing is aligned with the floating TTI, it is more complicated because the starting symbol for the (E)PDCCH transmission can change from one burst to the next.

4. Conclusion
In this contribution, we have discussed the few options for PDSCH transmissions and the corresponding DCI transmission. The following has been proposed:
Proposal 1: Option 1 (i.e. the option with partial TTI) is adopted, with a limited number of starting positions to reduce complexity.
Proposal 2: Both PDCCH and EPDCCH are supported on LAA SCell.
Proposal 3: PDSCH/EPDCCH transmission can be configured to start from the first OFDM symbol on LAA SCell.
Proposal 4: Self-scheduling is supported for DL on LAA SCell. FFS cross-carrier scheduling.
Proposal 5: If option 1 is adopted, the full subframe and the last partial subframe should share the same DCI format, with a field added to explicitly indicate the PDSCH transmission length.
Proposal 6: If option 1 is adopted, it should be considered to use (E)PDCCH in the next subframe for either self-scheduling or cross-carrier scheduling to carry DCI for the initial partial subframe in LAA DL.
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