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Discussion
1. Introduction
The work item on Latency reduction techniques for LTE was approved in RAN#72 [1]. A set of agreements was reached in RAN1#86 concerning sPUSCH sTTI length relative to sTTI length used for scheduling the UE and the sPUCCH length relative to the associated sPDSCH length:    
R1-168500 [2]  
· For frame structure type 1, the following principles on short TTI length shall be supported:
· The length of sPUCCH is the same or longer than the length of the DL sTTI carrying the associated sPDSCH

· The length of sPUSCH is the same or longer than the length of the DL sTTI carrying the associated UL grant

· The TTI length of sPUSCH is the same as that of sPUCCH in a given subframe for one UE

· FFS on specific TTI length combinations between DL and UL including possible down-selection of combinations
· FFS whether to support the combination of TTI lengths between sPDSCH with shortened DL TTI and PUCCH with 1ms UL TTI for FS1 and FS

Based on throughput and latency considerations, we propose in [3] that sPUSCH and sPUCCH TTIs are equal to the corresponding DL scheduling and sPDSCH TTIs. This kind of specification, together with the agreements above, would remove some questions discussed in [4] on simultaneous transmission of UL signals. In this document, we discuss some remaining questions including sPDSCH HARQ-ACK feedback transmission on (s)PUSCH and (s)PDSCH HARQ-ACK feedback and UL scheduling when TTI length is switching. 
2. Discussion 
2.1 HARQ-ACK feedback for sPDSCH on sPUCCH, sPUSCH or PUSCH

In order to fully benefit from sTTI of sPDSCH, HARQ-ACK feedback should be provided in UL with the same sTTI length. One way would be that UE always transmits HARQ-ACK feedback for sPDSCH on sPUCCH irrespective of the presence of (s)PUSCH transmission. This would be more problematic for power division than simultaneous PUCCH and PUSCH transmission as sPUCCH transmission could start and end in the middle of ongoing sPUSCH and PUSCH transmission. Because of this additional complication and in order to preserve possibility for single carrier UL transmissions, ways to confine HARQ feedback for sPDSCH on sPUSCH and PUSCH should be considered. 
In Figure 1 we show timing relations between sPUCCH, sPUSCH and PUSCH corresponding to sPDSCH with 2-os sTTI. We first note that sPUCCH resources should be of fixed timing in order to allow similar multiplexing of UEs on sPUCCH as in the legacy system. In case of 2-os sTTI, this would mean seven sPUCCH resources per subframe. These sPUCCH resources could give timing reference also for A/N transmission on (s)PUSCH. The timing reference is shown by the dotted lines in Figure 1, and for (s)PUSCH transmission the reference would mean that A/N information for sPDSCH should be available without additional delay compared with transmission on sPUCCH.
Considering first A/N transmission on 2-os sPUSCH we note that, as explained in [5], a desirable property of sPUSCH is to include equal number of data symbols into every sTTI. Because of this and in order to accommodate to different PDCCH lengths and flexible UL DMRS transmission, we are proposing in [5] that in case of 2-os sTTI there are always two sPUSCH data symbols per sTTI and the positions of the data symbols could be variable. This would create a time mismatch between 2-os PUCCH and sPUSCH as shown by an example in Figure 1. Besides the positions, also the number of 2-os sPUSCHs per subframe could be variable according to the delay and DMRS configuration signalled in DCIs.  
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Figure 1: sPUCCH, sPUSCH, and PUSCH timings and PUSCH dividing to virtual sTTIs according to sPUCCH timing.
The time mismatch between sPUCCH and sPUSCH does not make simultaneous transmission of sPUCCH and sPUSCH unavoidable.  Instead, single carrier UL transmission can be preserved with simple rules despite the time mismatch. When HARQ feedback should be provided corresponding to, for instance, the timing of the sPUCCH resource 2, the A/N bits may be included by puncturing one of the symbols in sPUSCH 1 or 2. There are three situations to consider: 
(1) sPUSCH 1 is scheduled - A/N is puncturing the second symbol of sPUSCH 1, 
(2) sPUSCH 1 is not scheduled but sPUSCH 2 is - A/N is puncturing the first symbol of PUSCH 2, and 
(3) neither sPUSCH 1 nor 2 is scheduled – A/N is transmitted in sPUCCH resource 2.  
Providing HARQ feedback on sPUSCH corresponding to the timing of sPUCCH 3 (in Figure 1) requires a scheduling restriction: if UE is scheduled to transmit the DMRS symbol between sPUSCH 2 and 3, it should also be scheduled for sPUSCH 2 whose second symbol would be punctured for A/N. On the other hand, if a sPUSCH DMRS symbol coincides with a first sPUCCH symbol, sPUSCH should be scheduled for the symbol following the DMRS symbol.

We note that, compared with simultaneous sPUCCH and sPUSCH transmission, puncturing A/N to the 2-os sPUSCH symbols in the way described above does not mean stricter UE processing time requirements and the A/N information is available for eNB with the same timing.      

Observation 1: Despite of variable 2-os sPUSCH timing relative to 2-os sPUCCH resources, simultaneous sPUSCH and sPUCCH transmission can be avoided if some sPUSCH scheduling constraints are accepted. 

For providing A/N on PUSCH for sPDSCH of 2-os sTTI, PUSCH TTI can be divided into virtual 2-os sTTIs as shown in the lowest part of Figure 1. A/N for an sPDSCH is puncturing PUSCH data symbols within one virtual sTTI.  
So far maintaining single carrier UL transmission has been considered important and we do not see the introduction of sTTI changing this situation. We therefore propose that 
Proposal 1:  sPDSCH HARQ feedback transmission on (s)PUSCH is supported. 

2.2 HARQ feedback when PDSCH TTI changes from longer to shorter

Figure 2 shows a transition from a 14-os TTI to a 2-os PDSCH sTTI assuming n+3 UE processing time for HARQ feedback generation with 14-os and n+7 with 2-os. In this case, continuous DL scheduling would mean that UE should provide HARQ feedback for a 14-os transmission and six 7-os transmissions in the subframes shown by red colour in the upper part of Figure 2. 
Apparently the simplest way to handle the TTI length change is that eNB has to leave a scheduling gap such that UE need not provide feedback simultaneously for PDSCH transmissions with different TTI lengths. This is depicted in the lower part of Figure 2. For situations where eNB needs to urgently shift to the shorter TTI, a rule could be that UE does not send HARQ-ACK for the longer TTI data if HARQ-ACK feedback for that would overlap with the feedback for the shorter TTI data. A scheduling based approach is proposed in [6] for switching from the legacy to the short processing time with 1 ms TTI. However, continuous DL scheduling is more important for TTI length switching as those can be assumed to be more frequent (due to various overheads with sTTI) than switching between 1 ms TTI modes with different processing times. Furthermore, additional scheduling constraints due to HARQ feedback transmission should be avoided as there is already the unavoidable constraint that HARQ retransmissions with sTTI are inefficient if a new transmission of a very large TB has taken place with long TTI. For continuous DL scheduling, it is necessary to operate the sPDSCH HARQ-ACK feedback transmission using sTTI (or virtual sTTI) during the transition time, shown red in the upper part of Figure 1, as otherwise HARQ feedback for sPDSCH transmissions would be delayed up to nearly 1 ms in the worst case. Therefore we propose to
Proposal 2: Study DL HARQ-ACK feedback signalling supporting continuous DL scheduling while switching from a longer to a shorter TTI.  
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Figure 2: HARQ feedback when sPDSCH TTI changes from the longer to the shorter. The green and blue lines show the timing relation between DL reception and A/N transmission.
2.3 PUSCH TTI change from longer to shorter
We assume that simultaneous PUSCH transmissions with different TTIs in one carrier needs to be avoided [4]. If the grant-to-TX processing time scales according to the TTI length, a situation may appear that a UE has been scheduled for transmission with legacy TTI in a subframe and later a switch to sTTI operation is desired to take place for the same subframe.  In this situation, minimization of the switching delay from the longer to the shorter TTI is achieved if sPUSCH grants are cancelling those PUSCH grants that apply to the same subframe. In Figure 3 we clarify this by showing the approaches for continuous UL scheduling: 
a) eNB postpones sPUSCH scheduling so that the transmissions scheduled for PUSCH can be made, and 
b) sPUSCH scheduling cancels earlier PUSCH scheduling for the same subframe. 
The approach (b) allows faster utilization of sTTI. For completeness, it should also be specified that grant cancelling applies also in case that UE has already started PUSCH transmission i.e. sPUSCH grant ends PUSCH transmission that would overlap with sPUSCH transmission. 
If cancelling of scheduled PUSCH transmissions will be specified, a question is what can be done with the UL data and UCI that were to be sent in a cancelled transmission. Specifying asynchronous HARQ for sTTI and introducing implicit process numbering for legacy PUSCH, similarly as proposed in [7] for shortened processing time with 1ms TTI, would make it in principle possible to (re)transmit the transport blocks already prepared for a cancelled PUSCH transmission. In practice, (re)transmission of a large TB, prepared initially for the longer TTI, may be inefficient in a shorter TTI. However, it would be up to eNB to decide whether cancelling or postponing is selected. According to eNB scheduling, the (re)transmissions could take place in sPUSCH of the subframe which the cancelled PUSCH was scheduled for, or in sPUSCH of some later subframe, or even on PUSCH in a later subframe consistently with the synchronous HARQ timing. UCI in the cancelled PUSCH can be transmitted in sPUSCH.  
If multiple sTTI lengths will be specified, a question is if the dynamic scheduling with different TTI lengths may comprise multiple sTTI lengths or is a UE configured with at most one sTTI length besides the legacy TTI. If configuring with multiple sTTI lengths is considered necessary there are the same questions on simultaneous transmissions with different sTTIs as with a sTTI and legacy TTI. In principle, the relation between two sTTI lengths is the same as between a sTTI and legacy TTI, and, therefore, the above discussions on simultaneous transmissions and grant cancelling apply as well for two different sTTI lengths i.e. the longer of the sTTIs replacing legacy TTI.             
Based on the discussion above, we propose that  

Proposal 3: A PUSCH grant for a shorter TTI cancels or ends PUSCH transmission with longer TTI that would lead to simultaneous PUSCH transmissions with different TTIs in one carrier.  
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Figure 3: Scheduling alternatives for switching from TTI to sTTI without simultaneous PUSCH and sPUSCH. 

2.4 TTI changes from shorter to longer

Two scheduling approaches are shown in Figure 4 for PUSCH TTI change from the shorter to the longer. Approach (a) avoids giving PUSCH grants in the middle of sPUSCH grants but we do not see a reason to forbid approach (b) that would allow continuous UL scheduling. We propose
Proposal 4: Allow transmission of short and long PUSCH grants in a subframe in order to enable continuous PUSCH operation while switching from a shorter to a longer TTI. 
When PDSCH TTI length changes from shorter to longer there is just a gap in HARQ feedback. 
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Figure 4: Alternatives for UL scheduling for the change from the shorter to the longer TTI.
3. Conclusions

We discussed sPDSCH HARQ feedback transmission on (s)PUSCH and (s)PDSCH HARQ feedback and UL scheduling when TTI length is switching. Our observations and proposals are:
Observation 1: Despite of variable 2-os sPUSCH timing relative to 2-os sPUCCH resources, simultaneous sPUSCH and sPUCCH transmission can be avoided if some sPUSCH scheduling constraints are accepted. 
Proposal 1:  sPDSCH HARQ feedback transmission on (s)PUSCH is supported. 

Proposal 2: Study DL HARQ-ACK feedback signalling supporting continuous DL scheduling while switching from a longer to a shorter TTI. 
Proposal 3: A PUSCH grant for a shorter TTI cancels or ends PUSCH transmission with longer TTI that would lead to simultaneous PUSCH transmissions with different TTIs in one carrier.   
Proposal 4: Allow transmission of short and long PUSCH grants in a subframe in order to enable continuous PUSCH operation while switching from a shorter to a longer TTI. 
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