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1 Introduction

In the WI on Short TTI and reduced processing [1], reduced processing time for 1ms TTI should be specified. In RAN1#86 the following agreement was made.

· For FS1,2&3, a minimum timing n+3 is supported for UL grant to UL data and for DL data to DL HARQ for UEs capable of operating with reduced processing time with only the following conditions: 

· A maximum TA is reduced to x ms, where x <= 0.33ms (exact value FFS); 

· At least when scheduled by PDCCH 

· PHICH-less asynchronous HARQ for UL is used for 1 ms TTI with shortened processing time 
· For FS1 and FS2, bit fields are defined in the applicable DCI messages to indicate HARQ processes ID and RV 
· No change in FS3 asynchronous UL HARQ operation
In RAN1#87 the following was agreed among others.

· For 1 ms TTI shortened processing, support fallback to legacy processing timing n+4 by the search space, i.e.  DCI for processing time n+3 are carried in USS of PDCCH and DCI for processing time n+4 are carried in CSS of PDCCH.
· For PDSCH the HARQ processes of n+3 1ms TTI and n+4 1ms TTI are shared
· FFS: Possible PUSCH HARQ processes sharing between n+3 1ms TTI and n+4 1ms TTI
· FFS: UE behaviour in case of n+3 and n+4 collision
Note: It is not expected that the eNB will often change between n+3 and n+4 scheduling timing
During the SI on Short TTI and reduced processing the following was agreed and included in the TR [2]. 

For PUSCH transmission in sTTI (sPUSCH for short TTI), a UE can be dynamically (with a subframe to subframe granularity) scheduled with PUSCH and/or sPUSCH.
The minimum timing for UL grant to UL data and for DL data to DL HARQ is n + k sTTI for short TTI operation;

-
Processing time >= the legacy processing time linearly downscaled with TTI length

-
4 <= k <= 8

-
Note that sTTI refers to 

-
sPUSCH sTTI for the UL grant to UL data timing 

-
sPDSCH sTTI for the DL data to DL HARQ feedback timing

In this contribution, we discuss further details on asynchronous HARQ for uplink retransmissions in case of 1ms TTI operation and reduced processing time. 
2 Discussion
With asynchronous HARQ UL retransmissions are scheduled similarly as a new UL transmission. It can happen in any UL TTI. To perform a retransmission the UE should know the HARQ process number of the initial transmission and the redundancy version (RV) to select. The redundancy version is already included in the "modulation and coding scheme and redundancy version" field of the UL DCI formats, i.e. DCI format 0 and DCI format 4. The MCS indexes 29 to 31 indicate non-zero RV in Table 8.6.1-1 of 3GPP TS 36.213. So, in principle no separate field is required for indicating RV assuming the MCS for a retransmission is set to the same MCS as the initial transmission. So, to enable asynchronous HARQ in UL for n+3 operation, the UL DCI formats 0 and 4 should be extended with at least a new field for HARQ process number valid only for UEs configured with reduced processing time. In case of DCI format 4, up to two transport blocks can be scheduled, therefore there should be one HARQ process number field per transport block. 

Proposal 1 
Extend UL DCI formats 0 and 4 with a field for HARQ process number per transport block that are valid for UEs configured with n+3 operation
2.1 Case 1: 1ms TTI with n+3 timing is configured and sTTI operation is not configured for the UE
A reduced processing time of n+3 was agreed. This means that 6 HARQ processes would be sufficient to be able to schedule consecutive UL subframes to the same UE. To indicate 6 HARQ processes a PID field of 3 bits is needed in the UL DCI which allows in practise for 8 HARQ processes. 
Proposal 2 
3 bits are sufficient to indicate the HARQ process number for 1ms TTI with n+3 operation if UE is not configured with sTTI operation

In RAN1#87 scheduling in CSS was agreed as fallback mechanism to the n+4 timing. If a UE detects a valid UL DCI in USS the timing of n+3 applies and if the UE detects a valid UL DCI in CSS the timing of n+4 applies. In that case, when switching from USS based scheduling (n+3) to CSS based scheduling (n+4) the UL HARQ mechanism changes from asynchronous operation to synchronous operation. It is of benefit to share the same HARQ processes when falling back to n+4 operation so as to be able to reschedule any potential remaining data in HARQ buffers with minimum delay. It must then be ensured that the HARQ process numbers indicated in the UL DCI with n+3 scheduling has an unambiguous mapping to UL subframes so that the corresponding HARQ buffers can be rescheduled with the n+4 timing and synchronous UL HARQ at the next corresponding UL subframe. Note that the mapping can also be used for a change from CSS based scheduling (n+4) to USS based scheduling with n+3 operation.

Observation 1 
An unambiguous mapping between HARQ process numbers and UL subframes is needed to allow for rescheduling any potential remaining data in HARQ buffers after a change from n+3 to n+4 operation or vice-versa

Proposal 3 
All PUSCH HARQ processes are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing if the UE is not configured with sTTI operation

2.2 Case 2: Both 1ms TTI with n+3 timing and sTTI operation are configured for the UE
If a UE is configured with both 1ms TTI with n+3 timing and short TTI operation, some additional considerations must be made to ensure smooth switching between 1ms TTI and short TTI operation. Depending on the sTTI length, the short TTI operation will require more than 8 HARQ processes due to the fixed component of the processing delay that do not scale linearly with the TTI length. During the study item, a timing between n+4 and n+8 was agreed, meaning that at most 16 HARQ processes would be needed for short TTI operation. When switching from short TTI to 1ms TTI, half of the HARQ processes cannot be scheduled anymore if the HARQ PID is a 3 bit field. Any remaining data in the HARQ buffers that cannot be scheduled anymore will be lost, resulting in need for a (slow) RLC retransmission. This will degrade both throughput and latency for those users. This issue is further discussed in [3]. Considering that the switching from short TTI to 1ms TTI and vice versa can happen very dynamically, data loss induced by the switching should be avoided. A simple way to avoid it is to define the PID field with 4 bit for 1ms TTI.
Proposal 4
The field of UL DCI and DL DCI for HARQ process number is of 4 bits to schedule n+3 operation from USS for a UE that is configured with sTTI operation
With proposal 2, a UE configured with both 1ms TTI with n+3 timing and short TTI operation would monitor a DCI format increased by 1bit in USS compared to the DCI format used for n+4 operation. The question is whether the DCI format monitored in CSS for fallback to n+4 timing should also be modified to include an additional bit for the HARQ process number field. This would enable to address all 16 HARQ processes available on USS and n+3 operation when falling back to CSS and n+4 operation. However, this would require additional blind decodes as the UE needs to monitor legacy DCI format 0/1A for common system information such as paging and power control commands. This increase in number of blind decodes seems unnecessary to guarantee complete lossless fallback from n+3 timing to n+4. It should be remembered that this fallback is expected to be used at sparse occasions in practise.

Proposal 5 
The DCI used for scheduling 1ms TTI from CSS remains unchanged if the UE is configured with both 1ms n+3 timing and sTTI operation
From the 16 HARQ processes available on USS with n+3 operation, 8 can be addressed on CSS (n+4) to reschedule potential non-empty HARQ buffer. This should be done for both PDSCH and PUSCH.
Proposal 6
PUSCH HARQ processes 0 to 7 are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing 
Proposal 7 
PDSCH HARQ processes 0 to 7 are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing 

3 Conclusion

Based on the discussion in section 2 we made the following observations:

Observation 1 
An unambiguous mapping between HARQ process numbers and UL subframes is needed to allow for rescheduling any potential remaining data in HARQ buffers after a change from n+3 to n+4 operation or vice-versa

We thus propose the following:
Proposal 1 
Extend UL DCI formats 0 and 4 with a field for HARQ process number per transport block that are valid for UEs configured with n+3 operation
Proposal 2 
3 bits are sufficient to indicate the HARQ process number for 1ms TTI with n+3 operation if UE is not configured with sTTI operation

Proposal 3 
All PUSCH HARQ processes are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing if the UE is not configured with sTTI operation

Proposal 4
The field of UL DCI and DL DCI for HARQ process number is of 4 bits to schedule n+3 operation from USS for a UE that is configured with sTTI operation

Proposal 5 
The DCI used for scheduling 1ms TTI from CSS remains unchanged if the UE is configured with both 1ms n+3 timing and sTTI operation
Proposal 6
PUSCH HARQ processes 0 to 7 are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing 

Proposal 7 
PDSCH HARQ processes 0 to 7 are shared between 1ms TTI with n+3 timing and 1ms TTI with n+4 timing 
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