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1. Introduction
The 3GPP RAN1 agreements, relevant for considering handling of collisions of UL sTTI and legacy TTI transmissions, are as listed below.
In RAN1 #86 it was agreed that
· For frame structure type 1, the following principles on short TTI length shall be supported:
…
· The TTI length of sPUSCH is the same as that of sPUCCH in a given subframe for one UE
…
In RAN1 #87 it was agreed that
· For a given UE, the same DL sTTI length is configured for the serving cells within the same PUCCH group for which sTTI operation is configured

· FFS on across two PUCCH groups
· For 2-OS sTTI, down-select the UL sTTI pattern for sPUSCH between (2,2,3,2,2,3) and (3,2,2,2,2,3)
· For a given UE, a sPUCCH format follows a fixed sTTI mapping where the same sTTI boundaries, data symbol placements (except the last symbol in the subframe - depending on SRS) and DMRS symbol placements (if used) are the same in every subframe.
· 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
A consequence of these agreements is that here is no need to consider UE sending in one carrier HARQ ACK for both 2- and 7-OS sPDSCH. 
In RAN1 #88 it was agreed that sPUSCH and sPUCCH sTTIs are aligned and that network may configure simultaneous sPUCCH and sPUSCH transmission for a UE indicating such capability.
In this document, we present our ideas for situations where, in one carrier,
· sPUSCH and PUSCH are scheduled for the same subframe

· PDSCH HARQ-ACK needs to be sent in a subframe for which sPUSCH has been scheduled

· sPDSCH HARQ-ACK needs to be sent in a subframe for which PUSCH has been scheduled, or
· both sPDSCH and PDSCH HARQ-ACK need to be sent in the same subframe.
We think all these situations are relevant, and it is not reasonable to assume that any of them can be fully avoided by scheduling restrictions. The discussion below is valid for all sTTI lengths unless otherwise mentioned.
2. Discussion 
2.1 Reasons to avoid simultaneous UL transmissions with different TTI lengths in a carrier

A crucial question is if UL transmissions with different TTI lengths within a subframe and in one carrier are supported. First, we think that supporting concurrent transmission would lead to very complex rules for power division as sTTI transmissions could start in the middle of TTI transmissions. Puncturing schemes (e.g. sPUSCH puncturing partly PUSCH or sPUCCH puncturing partly PUCCH or PUSCH transmission) could be used to avoid the power division problem but those cannot be considered as a complete solution. Without scheduling constraints, the rate of puncturing would be greatly varying (up to complete puncturing), and solutions would anyway be needed for complete puncturing.

Secondly, it is not clear what the implementation consequences are for protecting transmission with legacy TTI length if total transmission power and bandwidth can change due to starting or ending of sTTI transmission.      

Thirdly, preserving possibility for single carrier UL transmissions would be beneficial even after sTTI introduction.

Based on these arguments, we propose

Proposal 1: sTTI operation should be possible without compromising single carrier properties of UL signals.
In the remaining sections, we discuss what proposal 1 would mean for handling UL sTTI/TTI collisions.    

2.2 PUSCH and sPUSCH scheduled in the same subframe of a carrier 

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 UL 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 for 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. The most relevant situation is that the cancelled PUSCH has been scheduled with the reduced N+3 processing time. For such PUSCH, asynchronous HARQ will be introduced [1], and in [2] we propose sharing of 16 HARQ processes between sPUSCHs and PUSCHs for handling dynamic switching between sTTI and TTI. Then the transport blocks already prepared for a cancelled PUSCH transmission could be scheduled for sPUSCH. 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.
HARQ-ACKs in the cancelled PUSCH can be transmitted in sPUSCH. 

Based on the discussion above, we propose: 

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 TTI lengths in one carrier. HARQ-ACK in a cancelled PUSCH is transmitted in an sPUSCH. 
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Figure 1: Scheduling alternatives for switching from TTI to sTTI without simultaneous PUSCH and sPUSCH.
2.3 HARQ-ACK feedback for sPDSCH and PDSCH
To fully benefit from sTTI of sPDSCH, HARQ-ACK feedback for sPDSCH should be provided in UL with the shortest configured UL TTI length. This means that we need solutions for 
· sending sPDSCH HARQ-ACK in a subframe where PUSCH has been scheduled, and 
· sending both PDSCH and sPDSCH HARQ-ACK in a subframe where sPUCCH(s) or sPUSCH(s) are transmitted.
sPDSCH HARQ-ACK when PUSCH has been scheduled
In Figure 2 we show timing relations between 2-OS sTTI sPUCCH and PUSCH. When UE, configured for sTTI operation, is in a situation where PUSCH has been scheduled and sPDSCH HARQ-ACK needs to be sent in the same subframe, two approaches exist: (1) sPUCCH cancels the PUSCH transmission in the same way as is proposed above for sPUSCH and PUSCH collision, or (2) sPDSCH HARQ-ACK is carried on PUSCH. However, contrary to PUSCH and sPUSCH collision which depends only on UL scheduling, sPUCCH and PUSCH collision depends on both DL and UL scheduling. Therefore, following approach (1) would create a coupling between DL and UL scheduling, which should be avoided if possible. This makes carrying sPDSCH HARQ-ACK on PUSCH a more attractive choice.
For providing A/N on PUSCH for sPDSCH of 2-OS sTTI, PUSCH TTI can be divided into virtual sTTIs used for sPDSCH HARQ-ACK multiplexing as shown in Figure 2. The timing of virtual sTTIs may simply follow that of sPUCCH, and A/N for sPDSCH(s) of one sTTI are puncturing PUSCH data symbols within one virtual sTTI. As there is no DMRS in each virtual sTTI, eNB may sometimes have to postpone starting of A/N decoding by one virtual sTTI. This would be unavoidable at least for the first virtual sTTI of a subframe if UE has not been scheduled for the same frequency resources in the previous subframe. 

Proposal 3:  sPDSCH HARQ feedback transmission on PUSCH is supported by dividing PUSCH into virtual sTTIs and puncturing PUSCH data in a virtual sTTI. 


[image: image2.emf]sPUCCH

PUSCH and

virtual sTTIs 

subframe

0 1 2 3 4 5

UE configured for 2-OS sTTI in UL 

0 1 2 3

4

5


Figure 2: sPUCCH and PUSCH timings, and PUSCH dividing into virtual sTTIs according to sPUCCH timing. Green colour depicts PUSCH DMRS symbols.
sPDSCH and PDSCH HARQ-ACK in a subframe
Need for sending both sPDSCH and PDSCH HARQ-ACK in a subframe may appear when:

· dynamically scheduling sPDSCH and PDSCH on a carrier, and
· scheduling PDSCH on one carrier and sPDSCH on another carrier within a single PUCCH group. 

These situations could in principle be avoided by scheduling restrictions but those would constrain sTTI operation too severely. Therefore, we propose:
Proposal 4: Support multiplexing of DL HARQ-ACK feedback for PDSCH and sPDSCH in a subframe.
sPDSCH HARQ-ACK should always be sent using sTTI (or virtual sTTI on PUSCH) instead of a regular TTI as otherwise HARQ-ACK would be delayed up to 1ms in the worst case. A simple approach could be to apply sTTIs also for PDSCH HARQ-ACK transmission if UE has been configured with UL sTTI on a PUCCH-cell: Except for the fallback case (PCell-only PDSCH scheduling via Common Search Space), PDSCH HARQ-ACK is never transmitted on PUCCH but is always sent over sPUCCH, sPUSCH, or in virtual sTTIs on PUSCH i.e. PDSCH HARQ-ACKs for one DL subframe are sent in one sTTI or distributed to multiple sTTIs in case of carrier aggregation. This is illustrated in Figure 3. 
[image: image3.jpg]PDSCH PDSCH
cco cco
o o«

PDSCH PDSCH
cc1 cc1

PDSCH PDSCH
cc2
o
e
S
o 8
e

SPDSCH sPDSCH sPDSCH

cec3 ccs cec3

-~ ~— o b

— <
- - R
-~ ] ~
= o e ~
~
<N
A A A

sPUCCH, sPUCCH, sPUCCH, sPUCCH, sPUCCH, SPUCCH, sPUCCH, sPUCCH, sPUCCH, sPUCCH,
sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH sPUSCH

or or or or or or or or or or
virtual sTTI virtual sTTI virtual sTTI virtual sTTI virtual sTT| virtual sTTI virtual sTTI virtual sTTI virtual sTT| virtual sTTI
on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH on PUSCH





Figure 3: Mapping of HARQ-ACK in a carrier aggregation configuration. Except for the fallback case (PCell-only PDSCH scheduling via Common Search Space), even in subframes where no sPDSCH HARQ-ACK needs to be transmitted and where sPUSCH is not transmitted, PDSCH HARQ-ACKs are mapped to sTTIs and transmitted on sPUCCHs or in virtual sTTIs on PUSCH.

For sending PDSCH HARQ-ACK on sPUCCH without sPDSCH HARQ-ACK, sPUCCH resource needs to be obtained through the DCI that assigns the PDSCH. Both the implicit CCE element based or explicit ARI based method, or a combination of these two methods, can be considered.  
Proposal 5: When UE has been configured for UL sTTI operation on PUCCH cell, also HARQ-ACKs for PDSCH(s) can be transmitted using sTTI operation i.e. on sPUSCH(s), in sPUCCH(s) or in virtual sTTIs of PUSCH. PDSCH HARQ-ACKs for different carriers can be distributed to different sTTIs within a subframe.  
In case of 2-OS sTTI and when PDCCH occupies two or three OS, UE can receive at most five 2-OS sPDSCHs per subframe. Therefore, as there are always six 2-OS sPUCCHs per subframe, one of the sTTIs is not used for sPDSCH HARQ-ACK. This could be taken into account when defining the mapping of PDSCH HARQ-ACKs to sTTIs. In the special case of just one DL carrier, PDSCH HARQ-ACK could be always carried in the sTTI that is never needed for sPDSCH HARQ-ACKs. On the other hand, if the PDCCH length allows six sPDSCHs per subframe to be scheduled, a 3-OS sPUCCH could be favoured for carrying both PDSCH and sPDSCH HARQ-ACKs.
Observation 1: For 2-OS sTTI operation, depending on the maximum number of sPDSCHs in a subframe (i.e. the number of PDCCH symbols), the sTTI that is never needed for sPDSCH HARQ-ACKs or the 3-OS sTTIs could be favoured for carrying PDSCH HARQ-ACKs.
The above discussions concern HARQ-ACK transmission but PUCCH could still be used for other UCI. In case of 2-OS sTTI, the e.g. N+6 sTTI processing time could mean that UE becomes aware of the need to avoid a PUCCH transmission only after it has already started. However, because orthogonal cover code is utilized with some PUCCH formats, ending PUCCH transmission in the middle of a slot is not desirable as that would destroy orthogonality of PUCCH resources separated by the cover code and affect also other users. Therefore, the possibility for slot wise cancellation of PUCCH should be considered. In slot-wise cancellation, UE should know before the start of a slot if (2-OS) sPUCCH or sPUSCH need to be provided in the slot. This would mean a processing time requirement for sPDCCH decoding that is considerably stricter than the e.g. n+6 requirement for sPDSCH HARQ-feedback or sPUSCH scheduling. However, the n+6 timing includes both sPDCCH/sDCI and sPDSCH decoding while only sPDCCH/sDCI decoding is needed for deciding on the cancellation.   
Observation 2: Slot-wise cancellation of PUCCH allows for maintaining full PUCCH multiplexing capacity. 
3. Conclusions

We discussed ways of avoiding simultaneous UL sTTI and TTI transmissions in one carrier. Our proposals and observations are:
Proposal 1: sTTI operation should be possible without compromising single carrier properties of UL signals.

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 TTI lengths in one carrier. HARQ-ACK in a cancelled PUSCH is transmitted in an sPUSCH. 
Proposal 3:  sPDSCH HARQ feedback transmission on PUSCH is supported by dividing PUSCH into virtual sTTIs and puncturing PUSCH data in a virtual sTTI. 
Proposal 4: Support multiplexing of DL HARQ-ACK feedback for PDSCH and sPDSCH in a subframe.
Proposal 5: When UE has been configured for UL sTTI operation on PUCCH cell, also HARQ-ACKs for PDSCH(s) can be transmitted using sTTI operation i.e. on sPUSCH(s), in sPUCCH(s) or in virtual sTTIs of PUSCH. PDSCH HARQ-ACKs for different carriers can be distributed to different sTTIs within a subframe.  
Observation 1: For 2-OS sTTI operation, depending on the maximum number of sPDSCHs in a subframe (i.e. the number of PDCCH symbols), the sTTI that is never needed for sPDSCH HARQ-ACKs or the 3-OS sTTIs could be favoured for carrying PDSCH HARQ-ACKs.
Observation 2: Slot-wise cancellation of PUCCH allows for maintaining full PUCCH multiplexing capacity. 
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