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1 Introduction

In RAN#73 the new WI on shortened TTI and reduced processing [1] was agreed. In RAN1#87, the following agreement on how to handle collisions between multiple DL assignments within the same subframe was made.
· If the UE is indicating the capability of decoding PDSCH and sPDSCH assigned with C-RNTI/SPS C-RNTI in the same subframe for a given carrier

· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the PDSCH in addition to sPDSCH

· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH

· No special consideration is specified for overlapping of sPDSCH and PDSCH

· Otherwise
· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the sPDSCH and is not required to decode PDSCH

· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH

In this paper we discuss how the UE is expected to handle collisions between multiple UL scheduling grants within the same subframe, and how puncturing of sTTI to TTI is to be handled in the DL and UL.
2 Discussion

2.1 Collision between physical data channels of legacy TTI and short TTI

A short TTI UE should be prepared to receive UL grants in both PDCCH and sPDCCH within the same subframe. This means that even if DCI messages for 1ms TTI were received in PDCCH the UE should continue searching for potential short TTI related DCI messages in this subframe. 
This means that a fast UL DCI can be received later in the same subframe or several subframes after a UL DCI was received in PDCCH. If a fast UL DCI and a legacy UL DCI are pointing to the same UL subframe, the latest sent DCI should have priority since this reflects the latest scheduling decision by the eNB and may be associated with delay critical communication. In this case, the legacy TTI UL transmission should be dropped. A general rule as follows can be formulated:
Proposal 1 The latest DCI should have priority for transmission: sPUSCH should have priority over PUSCH scheduled in the same subframe.
2.2 Collision between legacy and short TTI involving one or more UL physical control channels
When a UE has received DCI for different TTI lengths it is possible that collisions in UL will occur between 
1. PUCCH and sPUCCH in the same SF,
2. PUSCH and sPUCCH in the same SF,
3. PUCCH and sPUSCH in the same SF. 
Rules are needed to handle these cases in order to keep the single carrier property. 
2.2.1 PUCCH and sPUCCH

For case 1, dropping either PUCCH or sPUCCH when they both contain HARQ feedback would negatively affect the DL performance of the associated DL channel. Therefore, it should be considered to bundle the HARQ A/N contained in sPUCCH and PUCCH and transmit them together over sPUCCH. Indeed, to ensure fast HARQ feedback transmission for sPDSCH transmissions, it appears more appropriate to carry the bundled HARQ feedbacks on sPUCCH instead of PUCCH. If only one UL control channel out of PUCCH and sPUCCH contains HARQ feedback and the other contains CQI reports, the transmission of HARQ feedback should be prioritized over CQI report as it is more critical for proper operation.

Proposal 2 Consider bundling/multiplexing of PUCCH and sPUCCH HARQ feedback on sPUCCH.
Proposal 3 Ensure prioritization of HARQ feedback transmission when defining rules for handling collisions between short TTI and legacy control channels in UL.
A special case of PUCCH and sPUCCH collision occurs in case the sPUCCH only contains a SR (format 1). In this case, it is proposed to simply pre-empt the SR to the next opportunity and leave the PUCCH transmission untouched. It can be noted that this is not expected to happen frequently, since if the SR is known prior to the start of the PUCCH transmission, it can be indicated there.
Proposal 4 In case of PUCCH collision with sPUCCH format 1 (SR), the SR is pre-empted until the next SR scheduling opportunity
2.2.2 PUSCH and sPUCCH
For case 2 the control information of sPUCCH could be punctured onto the data transmission in PUSCH. However, mapping of sPUCCH UCI to PUSCH resource could introduce additional delay. An alternative would be to prioritize the delay-sensitive service and transmit sPUCCH while dropping the PUSCH transmission. This however would negatively affect the UL performance of legacy TTI operation. In particular, PUSCH may be carrying UCI in which case both UL and DL performance of legacy TTI operation would be affected. So, the feasibility of a mapping of sPUCCH to PUSCH allowing reduced latency should be studied. Here the case of sPUCCH carrying HARQ feedback is of particular interest. If sPUCCH would carry CSI feedback and only this, dropping sPUCCH in favour of PUSCH could be allowed. The mapping of HARQ feedback on PUSCH that exists in case of PUCCH/PUSCH collision can be reused. Figure 1 depicts the existing UCI mapping on PUSCH and the sPUCCH pattern proposed in [3]. It can be seen that if the HARQ feedback for a sPDSCH is expected to be sent in the last sPUCCH sTTI of a subframe it is not possible to reuse exactly the existing UCI mapping on PUSCH as is. The HARQ feedback for sPDSCH may not be ready to be sent in SC-FDMA symbol 2. However, in this example the HARQ feedback for sPDSCH could be mapped to the ACK/NACK positions in SC-FDMA symbols 11 of PUSCH. 

Observation 1 Reusing the existing UCI mapping on PUSCH with small changes may be possible in case of sPUCCH/PUSCH collision
Proposal 5 Study further a suitable mapping of UCI from sPUCCH on PUSCH under latency considerations in case of sPUCCH/PUSCH collisions.
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Figure 1. Time relationship between UCI mapping on PUSCH and a candidate sPUCCH pattern
2.2.3 PUCCH and sPUSCH

For case 3, the control information of PUCCH, at least for HARQ feedback of PDSCH, could be punctured onto the data transmission in sPUSCH. The HARQ feedback carried in PUCCH is available at the subframe boundary and could be mapped to the earliest scheduled sPUSCH.
Proposal 6 Consider mapping UCI from PUCCH on sPUSCH in case of sPUSCH/PUCCH collisions.
2.3 Puncturing

2.3.1 DL
To enable coexistence between short and legacy TTI length UEs on the same carrier, some form of multiplexing is needed. One conclusion of the study item is that shortened TTIs are FDM within the system bandwidth together with 1 ms TTI [2]. As a complement to FDM, puncturing has been proposed to share the time-frequency resources between legacy and short TTI lengths. The motivation was to enable fast scheduling of short TTI transmissions in the middle of a subframe, when legacy PDSCH transmissions have already been scheduled for this subframe. However, the FDM mechanism already enables the eNB to serve short TTI UEs any time in a subframe in the bandwidth allocated to sTTI operation. The only advantage with puncturing would be in case of a sudden need of a larger bandwidth for sTTI operation. Due to the 1ms cycle with which legacy UEs are scheduled, the frequency allocation of short TTI operation cannot be changed more often than every 1ms with a pure FDM between legacy UEs and short TTI UEs. Puncturing short TTI transport block in legacy transport block would thus only be helpful to increase bandwidth allocation for sTTI within a subframe. In the next subframe already the bandwidth allocation can be increased using the FDM mechanism. If the frequency allocation reserved by eNB for FDM operation of short TTI with legacy TTI is based on the typical need of time-critical services, the occasions where larger bandwidth is needed for time-critical services are actually rare. 

Observation 2 Occasions where puncturing would be useful are rare if eNB configures properly FDM between short TTI and 1ms operations.
To handle those rare occasions, the eNB has two choices before increasing the sTTI bandwidth allocation in the next subframe. First, the eNB can serve these time-critical UEs with the available short TTI bandwidth. Secondly, the eNB can puncture the legacy downlink TTI transmission of PDSCH with the short downlink TTI transmission (with the possible effect of loss of legacy data). Thus nothing prevents eNB to apply puncturing. It is an implementation specific solution to a scheduling problem. It should be observed that the agreement made in RAN1#87 already precludes any puncturing related optimization if the colliding PDSCH and sPDSCH are intended to the same UE and this UE has the capability of simultaneously decoding both DL channels.
Observation 3 Puncturing is eNB-implementation specific.
Proposal 7 No change is added to the specifications to apply puncturing of TTI by sTTI.
2.4 UL

If legacy PUSCH and sPUSCH are transmitted from different UEs on the same resources, the sPUSCH can suffer from a large level of interference created by the legacy PUSCH transmission. Note that the power allocated for PUSCH and sPUSCH can be significantly larger than the noise power. This interference can destroy the decoding for sPUSCH. For decoding of PUSCH, the eNodeB can either remove the data symbols that are overlapped with the sPUSCH transmission, or it can try to decode PUSCH by treating sPUSCH as interference. However, both of these approaches may result in a failure when decoding PUSCH. The specification would make it possible for the eNB to schedule like this but further support than this we do not see as beneficial as it will result in a significant performance degradation.

Observation 4 Puncturing of sPUSCH on PUSCH from a different user makes decoding of both more challenging.
If a UE is scheduled for a sPUSCH transmission when legacy PUSCH transmission for the same UE has already been scheduled, and the resources allocated for sPUSCH is overlapping with that for legacy PUSCH, the UE can puncture the PUSCH by only transmitting sPUSCH on the overlapped resources. In this case, sPUSCH can be decoded by eNodeB. However, due to the puncturing, the PUSCH data symbols that are supposed to be transmitted on the overlapped resources are lost. Thus, the eNodeB may not be able to decode legacy PUSCH. Instead of puncturing, as discussed in [4] the user should drop PUSCH once a fast DCI for sPUSCH has been received.

The case for which the resources are not overlapping was also discussed. The effect may however be similar particularly for shorter sTTI due to power control change in the few symbols where both PUSCH and sPUSCH are sent. Correspondingly it may not be possible to decode PUSCH in this case either. The use cases however for both of these scenarios need to be better understood in general before adding any support for them. 
Proposal 8 A UE is not expected to transmit legacy PUSCH and sPUSCH in the same subframe on one carrier. The user should drop PUSCH and transmit sPUSCH.
3 Conclusion

In section 2 we made the following observations:
Observation 1
Reusing the existing UCI mapping on PUSCH with small changes may be possible in case of sPUCCH/PUSCH collision
Observation 2
Occasions where puncturing would be useful are rare if eNB configures properly FDM between short TTI and 1ms operations.
Observation 3
Puncturing is eNB-implementation specific.
Observation 4
Puncturing of sPUSCH on PUSCH from a different user makes decoding of both more challenging.


Based on the discussion in section 2 we propose the following:
Proposal 1
The latest DCI should have priority for transmission: sPUSCH should have priority over PUSCH scheduled in the same subframe.
Proposal 2
Consider bundling/multiplexing of PUCCH and sPUCCH HARQ feedback on sPUCCH.
Proposal 3
Ensure prioritization of HARQ feedback transmission when defining rules for handling collisions between short TTI and legacy control channels in UL.
Proposal 4
In case of PUCCH collision with sPUCCH format 1 (SR), the SR is pre-empted until the next SR scheduling opportunity
Proposal 5
Study further a suitable mapping of UCI from sPUCCH on PUSCH under latency considerations in case of sPUCCH/PUSCH collisions.
Proposal 6
Consider mapping UCI from PUCCH on sPUSCH in case of sPUSCH/PUCCH collisions.
Proposal 7
No change is added to the specifications to apply puncturing of TTI by sTTI.
Proposal 8
A UE is not expected to transmit legacy PUSCH and sPUSCH in the same subframe on one carrier. The user should drop PUSCH and transmit sPUSCH.
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