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In LAA, the eNB needs to perform Clear Channel Assessment (CCA) before transmission [1]. Due to the LBT operation and the dependency of the outcome based on the channel occupancy status of the carrier on the unlicensed spectrum, the start of the transmission may not be always aligned to the subframe boundary. At RAN1#80bis [2], the following was agreed.

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

The possibilities of allowing several LAA data transmission starting points to account for different LBT outcomes has been discussed by several sources with the motivation of increasing the spectral efficiency of LAA. In this contribution, we analyze the requirements that should be taken into consideration with high importance for such design solutions to be realistic. 

eNodeB processing and RRH distribution latency requirements

Before DL transmission starts, several functions and procedures are performed by the eNB and remote radio heads (RRHs) (s as illustrated in Figure 1.
· Scheduling
The eNB needs to consider several factors (such as CSI feedback, buffer sizes, quality of service requirements, retransmissions, control stratum needs, etc) to select a combination of UEs and the corresponding transport block sizes, modulation levels and PRB allocations. This is a complicated and necessary step that enables high quality of services to LTE users.
· L2 processing
The step includes L2 protocol processing, control stratum processing, and buffer memory management to ensure data integrity.
· L1 processing 
This step includes the following functions:
· CRC encoding of transport blocks
· CRC encoding, channel encoding and rate matching of coded blocks
· Scrambling, modulation mapping, layer mapping and precoding
· RS and other signal insertion
· DFT
· Possible windowing, filtering or other processing
For a 20 MHz LTE carrier, 2×30,720 digital IQ samples are generated for each 1 ms subframe. To minimize implementation complexity and avoid storing such a large amount of samples it is beneficial to design this step to be as real-time as possible. 
· Transport to remote radio head (RRH)
The digital samples are sent from the base station digital unit to the remote radio head (RRH) for transmitting the radio signal. The distribution delay is determined by the coverage area of the licensed band PCell.
The L1 processing starting point needs to take into account (1) the latency of the L1 processing for producing the digital samples for at least one OS and (2) the transport latency to the RRH.The eNB generates digital samples and distributes them to the RRHs. The LBT circuits at the transmission points then determine whether and when digital samples are actually converted into radio signals or not based on the LBT process outcomes.
Observation 1:
· To be economically competitive vis-à-vis other technologies in the unlicensed band, the LAA system design should not require excessive additional buffering hardware at either the eNB or the UE.
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[bookmark: _Ref419313834]Figure 1: Processing timings in eNB.
Finally it is important to note that a Wi-Fi node also prepares the data in advance and waits with transmission until the channel access is granted.

Analysis of multiple LAA data transmission starting points
The possibilities of allowing several LAA data transmission starting points to account for different LBT outcomes has been discussed by several sources . In the following, we analyze the requirements that should be considered in such system designs.
First or all, it is noted that the transport block sizes (TBS) are determined by the scheduling step, which happens much earlier than any listen-before-talk decisions. It’s possible for the L1 processing to rate match the TBs into different number of coded bits based on the different number of available OS allowed by the different data transmission starting points. But it is a significant increase in complexity to change the TBS based on the LBT outcome. Therefore, supporting multiple data transmission starting points will certainly affect link adaptation performance. 
Observation 2:
· L1 processing can adapt fixed transport block sizes to different amount of radio resources to accommodate multiple data transmission starting points based on the LBT outcome. It is not practical to adapt the transport block sizes based on the LBT outcome.

To design the support of multiple data transmission starting points, link adaptation should be taken into consideration. If the link adaptation targets optimistic LBT outcomes, the TBS will be selected corresponding to a larger amount of radio resources. If the LBT outcomes allow much less radio resources, the effective code rates will turn out to be higher than the channel conditions can support. In some cases, not even the systematic bits can all be transmitted (see, e.g., Table 1 in the Appendix). For these LBT outcomes, decoding at the receiver will fail and the data needs to be retransmitted in the next subframe. That is, the transmission in this subframe does not contribute to net increase in data throughput.
Therefore, link adaptation needs to be more conservative in selecting the TBS when supporting multiple data transmission starting points. In general, the link adaptation should target the TBS for the smallest amount of radio resources from among the supported starting points to ensure the data can be decoded by the receiver.
Observation 3:
· When multiple LAA data transmission starting points are supported, the net data throughput benefit is mostly determined by the starting point allowing fewest radio resources.

That is, many data transmission starting points do not offer real benefits over one or two data transmission starting points based on the practical performance considerations above. It should also be pointed out that the separation of two starting points should also take L1 processing and RRH distribution delays into consideration. The separation shall at least accommodate (1) the delay from RRH LBT circuit to the eNB, (2) the delay to abort ongoing L1 processing, (3) the delay to start a new L1 processing to generate at least one OS, and (4) the delay to distribute the digital samples back to the RRH. Note that the distribution delay is determined by the coverage area of the licensed band PCell.
Observation 4:
· Considering data throughput benefits and implementation and distribution latency requirements, very limited number of starting points can be realistically supported.

A super-subframe concept [3] has recently been proposed to combine a partial subframe with the next subframe jointly as one scheduling unit. As discussed in the above, link adaptation needs to be conservative and target the TBS according to the fewest available radio resource. In this super-subframe case, that turns out to be the radio resources from the next subframe. That is, incorporating the first partial subframe in this framework does not contribute to any additional data throughput beyond simply transmitting in the second subframe. Furthermore, even if the link adaptation wants to be more aggressive, it is not possible to do so either according to the current LTE specs. The current TBS table is designed assuming the availability of the OS in one subframe. To allow larger TBS to support the super-subframe concept, it will be necessary to redefine the TBS, which is not a feasible target for Rel-13.
Observation 5:
· Super-subframe concept cannot and does not bring additional data throughput benefits over independent transmission in a partial subframe.
Furthermore, a floating subframe concept [4][5] has also been proposed where an eNB could always prepare the data for a whole subframe of 1ms, but the data to RE mapping being flexible so as not tolimit it to the subframe boundary. In this solution, DL grants transmitted in subframe n+1 can indicate the starting OFDM symbol for PDSCH in subframe n. This approach increases UE complexity by requiring buffering of two consecutive subframes to receive a floating subframe. Moreover decoding of the DL grant would probably fail if the transmission burst lasts around 1ms or in the case that the channel is released at early stages of a subframe. The problem is more severe for DL grants based on EPDCCH. The number of hypotheses that need to be tested at the UE for receiving the EPDCCH makes EPDCCH reception at the UE impractical. Furthermore, the use of DM-RS for EPDCCH or PDSCH reception also poses problems if the partial subframe splits the two OFDM symbols constituting the DM-RS.
Observation 6:
· Floating-subframe concept increases the UE complexity and has issues related to the reliability and complexity of DL grant reception especially based on EPDCCH. 

In general, the solutions such as those discussed above that aim to increase the number of starting points for data transmission in a DL transmission burst, can differently impact the UE hypotheses for data reception and the resulting quality, complexity and power efficiency. If the UE is not indicated by means of implicit or explicit signaling, it may find out the presence of a subframe filled partially with data by means of additional processing and potentially buffering which is not favorable from a UE implementation point of view and can compromise the detection performance of full subframes. The impact is more alarming where the benefits of such solutions are questionable as analyzed thoroughly above. Such optimization for data transmission at the beginning or end of a transmission burst can compromise the gain in throughput in the intermediate subframes.
Observation 7:
· Optimization for increasing number of candidates for starting data transmission on an LAA SCell should not compromise the spectral efficiency in subframes with full data transmission.

On the other hand it may appear that explicit or implicit signaling in order to inform the UEs in advance about the timing of the data transmission could potentially reduce the UE complexity and increase the power saving. However it is important to consider that such solutions are very restricted due to the DRX regime since UEs are forced to come out of DRX when the indication occurs. Considering the unpredictability of channel access success in the unlicensed band due to LBT and hence uncertainty in occurrence of the indicator, the UE power saving would be largely compromised. The problem escalates for multi-user scheduling during one transmission burst requiring alignment of the onDuration in the DRX cycle for at least the scheduled UEs or imposing restriction on the scheduler to minimize the number of UEs per DL transmission burst. More details are available in our companion contribution [6]. We would like to mention that we proposed solutions in [7] which fulfill the requirements discussed in this contribution for the design purpose.
Observation 8:
· Considering the impact on UE implementation and power saving, very limited number of starting points can be realistically supported.
It is important to note that the eNB has the choice and possibility to start transmission at a suitable time such that the overhead is reduced by means of for example deferring in channel access with the use of freeze periods.
Observation 9:
· The start time of transmission can be controlled by an eNB to reduce the overhead by using freeze periods to control channel access.
The analysis and investigation above suggests the following proposals:
Proposals:
· UE behavior for reception of PDSCH should not rely on an assumption that a subframe includes full or partial DL transmission.
· The UE can be configured with up two EPDCCH sets as in Rel-12. Each EPDCCH set can be configured with different starting OFDM symbols as in Rel-12.
· The DL DCI message on EPDCCH indicates the starting position of the PDSCH in the same subframe. 
· The starting OFDM symbol for PDSCH is dynamically signaled in the DL DCI message to the UE using the two “PDSCH RE Mapping and QCL Indicator” (PQI)  bits as in Rel-12.

Conclusions
In this contribution, we discussed the considerations that should be taken into account on the possibilities of allowing several LAA data transmission starting points to account for different LBT outcomes and provided the following observations:

Observation 1:
· To be economically competitive vis-à-vis other technologies in the unlicensed band, the LAA system design should not require excessive additional buffering hardware at either the eNB or the UE.
Observation 2:
· L1 processing can adapt fixed transport block sizes to different amount of radio resources to accommodate multiple data transmission starting points based on the LBT outcome. It is not practical to adapt the transport block sizes based on the LBT outcome.

Observation 3:
· When multiple LAA data transmission starting points are supported, the net data throughput benefit is mostly determined by the starting point allowing fewest radio resources.

Observation 4:
· Considering data throughput benefits and implementation and distribution latency requirements, very limited number of starting points can be realistically supported.

Observation 5:
· Super-subframe concept cannot and does not bring additional data throughput benefits over independent transmission in a partial subframe.

Observation 6:
· Floating-subframe concept increases the UE complexity and has issues related to the reliability and complexity of DL grant reception especially based on EPDCCH. 

Observation 7:
· Optimization for increasing number of candidates for starting data transmission on an LAA SCell should not compromise the spectral efficiency in subframes with full data transmission.

Observation 8:
· Considering the impact on UE implementation and power saving, very limited number of starting points can be realistically supported.
Observation 9:
· The start time of transmission can be controlled by an eNB to reduce the overhead by using freeze periods to control channel access. 

Moreover, based on the investigation, we made the following proposals:
Proposals:
· UE behavior for reception of PDSCH should not rely on an assumption that a subframe includes full or partial DL transmission.
· The UE can be configured with up two EPDCCH sets as in Rel-12. Each EPDCCH set can be configured with different staring OFDM symbols as in Rel-12.
· The DL DCI message on EPDCCH indicates the starting position of the PDSCH in the same subframe. 
· The starting OFDM symbol for PDSCH is dynamically signaled in the DL DCI message to the UE using the two “PDSCH RE Mapping and QCL Indicator” (PQI)  bits as in Rel-12.
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Appendix
[bookmark: _Ref419207565]Table 1 Code rate with different number of OFDM symbols for PDSCH in LTE
	MCS
index
	Modulation
	
Available number of OFDM symbols for PDSCH ()

	
	
	13
	12
	11
	10
	9
	8
	7
	6
	5

	0
	QPSK
	0.10
	0.11
	0.12
	0.13
	0.14
	0.16
	0.18
	0.21
	0.25

	1
	QPSK
	0.13
	0.14
	0.16
	0.17
	0.19
	0.21
	0.24
	0.28
	0.34

	2
	QPSK
	0.16
	0.17
	0.19
	0.21
	0.23
	0.26
	0.30
	0.35
	0.42

	3
	QPSK
	0.21
	0.22
	0.25
	0.27
	0.30
	0.34
	0.39
	0.45
	0.54

	4
	QPSK
	0.25
	0.28
	0.30
	0.33
	0.37
	0.41
	0.47
	0.55
	0.66

	5
	QPSK
	0.31
	0.34
	0.37
	0.41
	0.45
	0.51
	0.58
	0.68
	0.81

	6
	QPSK
	0.37
	0.40
	0.44
	0.48
	0.54
	0.61
	0.69
	0.81
	0.97

	7
	QPSK
	0.44
	0.47
	0.52
	0.57
	0.63
	0.71
	0.81
	0.94
	1.13

	8
	QPSK
	0.50
	0.54
	0.59
	0.65
	0.72
	0.81
	0.93
	1.08
	1.30

	9
	QPSK
	0.56
	0.61
	0.67
	0.73
	0.81
	0.91
	1.05
	1.22
	1.46

	10
	16QAM
	0.28
	0.30
	0.33
	0.37
	0.41
	0.46
	0.52
	0.61
	0.73

	11
	16QAM
	0.31
	0.34
	0.37
	0.41
	0.45
	0.51
	0.58
	0.68
	0.81

	12
	16QAM
	0.36
	0.39
	0.43
	0.47
	0.52
	0.58
	0.67
	0.78
	0.94

	13
	16QAM
	0.40
	0.44
	0.48
	0.53
	0.58
	0.66
	0.75
	0.88
	1.05

	14
	16QAM
	0.46
	0.50
	0.54
	0.59
	0.66
	0.74
	0.85
	0.99
	1.19

	15
	16QAM
	0.51
	0.55
	0.60
	0.66
	0.74
	0.83
	0.95
	1.10
	1.33

	16
	16QAM
	0.54
	0.59
	0.64
	0.71
	0.79
	0.88
	1.01
	1.18
	1.41

	17
	64QAM
	0.36
	0.39
	0.43
	0.47
	0.52
	0.59
	0.67
	0.79
	0.94

	18
	64QAM
	0.39
	0.42
	0.46
	0.50
	0.56
	0.63
	0.72
	0.83
	1.00

	19
	64QAM
	0.43
	0.46
	0.51
	0.56
	0.62
	0.69
	0.79
	0.93
	1.11

	20
	64QAM
	0.47
	0.51
	0.55
	0.61
	0.68
	0.76
	0.87
	1.01
	1.22

	21
	64QAM
	0.51
	0.55
	0.60
	0.66
	0.74
	0.83
	0.95
	1.10
	1.32

	22
	64QAM
	0.55
	0.60
	0.65
	0.72
	0.79
	0.89
	1.02
	1.19
	1.43

	23
	64QAM
	0.59
	0.64
	0.70
	0.77
	0.86
	0.96
	1.10
	1.29
	1.54

	24
	64QAM
	0.64
	0.69
	0.75
	0.83
	0.92
	1.04
	1.18
	1.38
	1.66

	25
	64QAM
	0.68
	0.74
	0.80
	0.88
	0.98
	1.10
	1.26
	1.47
	1.77

	26
	64QAM
	0.72
	0.78
	0.85
	0.94
	1.04
	1.17
	1.34
	1.56
	1.88

	27
	64QAM
	0.75
	0.81
	0.89
	0.98
	1.09
	1.22
	1.40
	1.63
	1.95

	28
	64QAM
	0.88
	0.95
	1.04
	1.15
	1.27
	1.43
	1.64
	1.91
	2.29
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