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1. Introduction
The study item [1] was closed at RAN#72 and a follow-up work item has been approved in [2]. In this contribution we consider multiplexing of PUSCH, sPUSCH, PUCCH and sPUCCH as the multiplexing of UL signals for shortened TTI operation is still open after RAN1#85. In addition, some considerations on providing HARQ feedback for PDSCH and sPDSCH are presented. The processing time reduction for sPUSCH transmission and HARQ feedback generation are discussed in [3, 4, and 5] and the HARQ-operation with reduced processing time and 1-ms TTI in [6]. 
2. Discussion 
2.1 PUSCH and sPUSCH multiplexing
In RAN1 #84bis, an agreement was reached for PUSCH and sPUSCH transmission having still some FFS points: 
· A UE can be dynamically (with a subframe to subframe granularity) scheduled with PUSCH and/or sPUSCH

· A UE is not expected to transmit PUSCH and short TTI sPUSCH simultaneously on the same REs, i.e. by superposition

· FFS whether a UE may transmit PUSCH and short TTI sPUSCH in the same subframe on one carrier by puncturing PUSCH

· FFS whether a UE may transmit PUSCH and short TTI sPUSCH in different PRBs on the same symbol(s)

· Dropping/prioritization rules (if any) are FFS 

In [7] it was concluded that there is no sufficient motivation to specify simultaneous PDSCH and sPDSCH transmission for one UE. Considering DL unicast transmission it was noted that flexibility to adapt TTI length on a per subframe basis should be enough. Furthermore, simultaneous reception of unicast PDSCH and sPDSCH was seen as a UE complexity and processing capability issue. Similar arguments as for PDSCH and sPDSCH apply for simultaneous PUSCH and sPUSCH transmission on one carrier. 
A difference between DL and UL scheduling is the processing time from UL grant to the start of the transmission. Assuming that 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 1 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 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 would make possible (re)transmissions for the transport blocks already prepared for a cancelled PUSCH transmission. 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 by PUSCH in a later subframe consistently with the synchronous HARQ timing. If the recommendation of the study item phase is followed [1], UCI transmission on sPUSCH will be specified. Therefore, UCI in the cancelled PUSCH can be transmitted in sPUSCH.  
As multiple sTTI lengths will be specified, a question is if the dynamic scheduling with different TTI lengths may comprise multiple sTTI lengths or is UE configured for 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 of two sTTI lengths is the same as with 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 1: Do not specify simultaneous PUSCH transmissions with different TTIs in one carrier.
Proposal 2: 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 1: Scheduling alternatives for switching from TTI to sTTI without simultaneous PUSCH and sPUSCH. 

Although we do not see the need to specify simultaneous PUSCH and sPUSCH transmission on one carrier, in the following we nevertheless discuss some issues that must be taken into account if the simultaneous transmission was specified.  
The FFS alternative where PUSCH is punctured by sPUSCH could be straightforward for UE implementation because it would resemble switching from PUSCH to SRS transmission. However, it is questionable what the value of the punctured PUSCH would be for data reception (e.g. when one slot would be punctured) and how often puncturing would be available if puncturing of UCI, transmitted on PUSCH, as well as puncturing of reference signals would need to be avoided. A problem is that the need for puncturing is not necessarily known when PUSCH transmission is started or, at least, is not known when PUSCH is scheduled. Therefore it is not always possible to compensate puncturing by increasing the power in the remaining SC-FDMA symbols. 
Simultaneous PUSCH and sPUSCH transmissions on different PRBs of a carrier resembles simultaneous PUSCH and PUCCH transmission capability. A difference is that with PUSCH and sPUSCH multiplexing, both signals can be wideband which may set different PA requirements compared with transmitting narrowband PUCCH on top of PUSCH. In addition, handling of power limited situation is not as straightforward as with simultaneous PUSCH and PUCCH where PUCCH is prioritized. The problem is illustrated in Figure 2. If priority were given for sPUSCH, PUSCH reception could be seriously affected (could be essentially like PUSCH puncturing) while if priority were always given for PUSCH (such that PUSCH power would be constant over the TTI) also PUSCH reception would be simple. However, the priority rules should also take into account the presence of UCI on PUSCH and sPUSCH: a scheme for consideration could be that the channel carrying UCI should have higher priority and otherwise priority would be given for PUSCH.  
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Figure 2: Prioritizing sPUSCH or PUSCH in power limited situation.
2.2 HARQ feedback for sPDSCH and PDSCH with and without sPUSCH or PUSCH 
In order to maximize DL latency benefit of sTTI, sTTI should be in use for transmitting HARQ feedback in UL. It would then be natural to specify that configuring UE for sPDSCH reception means also configuring sPUCCH with the same TTI length and reduced processing time compared with generating feedback for PDSCH. 
Proposal 3: Configuring DL sTTI means also configuring sPUCCH with the same TTI length.

In the following we use s-A/N for denoting the feedback for sPDSCH and A/N for the feedback for PDSCH. It should be decided what alternative ways will be supported for sending s-A/N and A/N in the different situations listed below. The list is made assuming that PUSCH and sPUSCH are not transmitted simultaneously and that s-A/N must be sent with reduced processing time and using sTTI. 
1. When s-A/N is sent alone, it is transmitted on sPUCCH.

2. s-A/N + sPUSCH (both with the same TTI length as sPDSCH): 
Following specification for the legacy system, simultaneous sPUCCH and sPUSCH transmission could be specified in addition to specifying s-A/N puncturing sPUSCH data.

3. s-A/N + PUSCH or sPUSCH with longer TTI than used for s-A/N transmission: 
At least the transmission of s-A/N on PUSCH needs to be supported in order to allow single carrier UL transmissions also with sTTI operation. PUSCH can be divided into virtual sTTIs such that s-A/N is puncturing PUSCH data within one virtual sTTI. 
Simultaneous transmission of sPUCCH and PUSCH might require additional specification and implementation work compared with simultaneous PUCCH and PUSCH because sPUCCH transmission could start and/or end in the middle of PUSCH transmission which may be problematic at least in power limited situation. If very short processing time is required for s-A/N transmission, UE might not be aware of the coming sPUCCH transmission when PUSCH transmission starts and, in power limited situation, would need to reduce PUSCH power in the middle of its transmission. However, such situation would likely be limited to 2-symbol sTTI with stringent processing time requirement only. Another question is that even if the need for sPUCCH transmission were known when PUSCH starts, a large change in the total power in the middle of PUSCH might affect PUSCH transmission also in the case that the power limitation were taken into account already from the start of the PUSCH. 
4. A/N + sPUSCH
In order to keep single carrier properties for the UL signals, A/N could be transmitted by puncturing sPUSCH data. At least with very short sTTIs, UE would sometimes need to stop PUCCH transmission that it had started before receiving a sPUSCH grant. Alternatively, sPUSCH puncturing PUCCH might easily lead to corruption of the whole A/N on PUCCH. With simultaneous PUCCH and sPUSCH, there would be a similar power control problem as with simultaneous sPUCCH and PUSCH.  
5. s-A/N + A/N
This situation may happen when DL TTI is switched from the longer to the shorter. Simultaneous transmission of PUCCH and sPUCCH would mean similar problem for handling of power limited situation as with simultaneous sPUCCH and PUSCH or with simultaneous sPUSCH and PUCCH. For avoiding simultaneous sPUCCH and PUCCH, all HARQ feedback could be carried on sPUCCH. This could be done on a subframe by subframe basis so that if UE had started PUCCH transmission before becoming aware of the need to provide also s-A/N in the same subframe, UE would terminate PUCCH transmission and transmit A/N and s-A/N jointly. Another way is to use sPUCCH for A/N also when there is no s-A/N transmission i.e. when UE is configured for sPDSCH it would be also configured to use sPUCCH for all HARQ feedback.     
A problem with providing HARQ feedback for both PDSCH and sPDSCH on sPUCCH would be the capacity of sPUCCH formats which might limit the maximum number of feedback bits to a clearly lower value than provided with PUCCH formats. High capacity sPUCCH formats can be designed but the inevitably lower coverage of sPUCCH compared with PUCCH would anyway be a limiting factor.      
If sPUCCH transmissions may carry feedback for PDSCH or sPDSCH or for both of them, it may be impossible to design implicit sPUCCH resource mapping but DCI should always indicate a resource from a preconfigured set.    
6. s-A/N + A/N + PUSCH

Presumably simultaneous transmission of sPUCCH, PUCCH, and PUSCH needs to be avoided. A straightforward way of maintaining single carrier property is to send A/N on PUSCH in the legacy manner and puncture PUSCH data (but not A/N) further by s-A/N in the virtual sTTIs. Otherwise, if single carrier transmission is not necessary, sPUCCH would be transmitted simultaneously with PUSCH that would carry also A/N in the legacy manner. 
7. s-A/N + A/N + sPUSCH

Both s-A/N and A/N are sent by puncturing sPUSCH data (could sometimes mean termination of PUCCH when sPUSCH starts) or A/N is transmitted on PUCCH simultaneously with sPUSCH that would carry also s-A/N. 

The situations where transmissions with different TTIs are simultaneous could be avoided by scheduling restrictions but there are situations where such restrictions would not be sensible. An example is the need to have simultaneous s-A/N and A/N transmission when DL TTI is switched. It would not make much sense to delay start of sTTI scheduling just to avoid simultaneous s-A/N and A/N. Another example is avoiding simultaneous s-A/N and PUSCH by granting only sPUSCH transmissions when s-A/N needs to be provided. Simplifying A/N transmission is clearly not a sufficient reason for such a coupling between UL and DL TTI lengths. The considerations above apply also if HARQ feedback needs to be provided simultaneously for sPDSCH transmissions with different sTTI lengths. We therefore propose
Proposal 4: Do not rely on scheduling restrictions to avoid simultaneous HARQ feedback transmission for PDSCH and sPDSCH (or for sPDSCHs with different sTTI lengths), or simultaneous PUSCH and HARQ feedback for sPDSCH, or simultaneous sPUSCH and HARQ feedback for PDSCH.
So far maintaining single carrier UL transmission has been considered important and we do not see introduction of sTTI changing this situation. We therefore propose that 
Proposal 5: Maintain at least as an alternative single carrier transmission of HARQ feedback for sPDSCH and PDSCH with and without UL data. 
3. Conclusions

Our conclusions regarding simultaneous transmission of UL signals for shorter TTI operation are

Proposal 1: Do not specify simultaneous PUSCH transmissions with different TTIs in one carrier.

Proposal 2: 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 3: Configuring DL sTTI means also configuring sPUCCH with the same TTI length. 

Proposal 4: Do not rely on scheduling restrictions to avoid simultaneous HARQ feedback transmission for PDSCH and sPDSCH (or for sPDSCHs with different sTTI lengths), or simultaneous PUSCH and HARQ feedback for sPDSCH, or simultaneous sPUSCH and HARQ feedback for PDSCH.

Proposal 5: Maintain at least as an alternative single carrier transmission of HARQ feedback for sPDSCH and PDSCH with and without UL data. 
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