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Introduction
With short TTIs and reduced processing time as currently being defined in RAN1 per [1], LTE latency in DL and UL is reduced by shorter TTI length or by reducing DL data to HARQ feedback time and UL grant to data time, each by 1 ms respectively. The following agreements have been reached in RAN1:
	Agreements:

· 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

· Reduced processing time(s) are RRC configured for the UE
· Working assumption: A mechanism for dynamic fallback to legacy processing timings (n+4) is supported
· Details FFS
· Working assumption can be revisited if it is not found to be feasible 
· 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

· 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




In this paper we discuss the implication this has for the HARQ process handling when going between different modes of operation. 

[bookmark: _Ref178064866]Discussion 
Short TTI (sTTI) operation and reduced processing time (RPT n+3) will have a lower allowed maximum timing advance (TA) compared to normal (n+4) operation. Thus, switching from sTTI and n+3 to normal n+4 operation will be necessary due to mobility in large cells, and cells with remote radio heads where some of the TA is used to compensate for the delay over the CPRI interface. 
The shorter the TTI duration, the worse the coverage gets [2]. Thus, for coverage reasons, it may become necessary to switch between the different TTI durations (i.e. between 2, 7 and 14 OFDM symbol TTI durations).
A use case that requires switching is low delay/high bit rate MBB where we want a low delay using sTTIs (to speed up the TCP slow start) for any user starting up. However, as seen during the Study Item phase [2], it costs more in terms of overhead to use a short TTI compared to a long TTI. Hence after a while if the buffers are large, the user should be switched to 1 ms TTIs to benefit from the higher spectral efficiency and free up the sTTI resources to be used by other users. 
For reasons above and for increased flexibility, the eNB requires the possibility to dynamically manage which users are served in each operation mode. 
[bookmark: _Toc473703262][bookmark: _Toc473704878][bookmark: _Toc473738206][bookmark: _Toc473738242][bookmark: _Toc473738709][bookmark: _Toc473817432][bookmark: _Toc473905784][bookmark: _Toc473908830][bookmark: _Toc477990353][bookmark: _Toc477990457][bookmark: _Toc478048022][bookmark: _Toc478135992][bookmark: _Toc481580121][bookmark: _Toc481744359]The eNB shall have the possibility to dynamically manage which users are served in each TTI duration. 
The processing time for short TTI is still being discussed in RAN1, but likely it will be n+k with k> 4 for 2 os sTTIs, and n+4 for 7 os sTTIs (that is, k sTTIs between UL grant and UL data transmission and k sTTIs between DL data and UL UCI transmission). Also, the number of HARQ processes (HPs) is being discussed and likely there will be up to 16 HPs for sTTI operation. 
When eNB switches scheduling from sTTI to 1ms TTI, an open issue is the handling of HARQ processes. Three cases can be considered: separate HARQ processes for 1ms TTI and sTTI, full HARQ process sharing between 1ms TTI and sTTI and partial HARQ process sharing between 1ms TTI and sTTI.
Case 1: separate HARQ processes for sTTI and 1ms TTI
In case of separate HARQ processes for sTTI and 1ms TTI, a simple HARQ handling for any switch would be to discard all previous HARQ information at the switch and trust RLC to do retransmission of the HARQ data that was lost. This introduces a delay compared to doing regular HARQ retransmission, and possibly reaching the maximum number of RLC retransmissions. This will also affect the TCP, as some packets will be delayed. 
A simulation, with 1 MB FTP download using 2 os sTTIs in DL and UL and 12 HARQ processes assuming n+6 timing, have been carried out to evaluate the impact of HARQ data loss on TCP congestion window. Figure 1 shows one case without any HARQ data loss (the black curve) and we compare to a case (the blue curve) where we trigger a loss of all HARQ information when the TCP slow start has ended. This models a switch of the TTI length from 2os TTI to 1ms TTI for the considered UE. The first flat part after the HARQ loss is due to RLC retransmissions (reordering time out, or poll timer expire need to happen for RLC to discover the RLC packet loss), the vertical part is many RLC packets delivered at the same time when out-standing RLC packets arrive, and the last flat part is due to TCP ACKs not arriving in time for new packets to be transmitted from the TCP transmitter. At the end of the file download we have lost about 25 ms due to the HARQ loss. The exact delay due to HARQ loss will of course be dependent on how much RLC data must be retransmitted and if it is the oldest or newest RLC packet that is retransmitted etc., the figure represents a typical delay but it can be worse. 
Based on these results and considering that the switching from short TTI to 1ms TTI and vice versa can happen dynamically (which is why the scheduler-level-switch was agreed in RAN1), data loss induced by the switching should be avoided.
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Figure 1 TCP impact due to HARQ buffer loss 
A softer pre-emptive version is for the eNB, after deciding to send a 1 ms grant to the UE, to use all remaining sTTIs until the switch to make retransmission and not send any new data on the sTTIs. For DL this means waiting with the switch and for UL it can mean not using all possible UL transmission opportunities for UL transmissions, thus extra delay is introduced. 
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Case 2: full HARQ process sharing between sTTI and 1ms TTI
For a lossless fast switch, no information shall be lost on HARQ level and all HARQ processes shall be possible to use after the switch. Thus, lossless switching implies that HARQ processes are shared between sTTI and 1ms TTI and all HPs can be retransmitted after a switch. It should be noted that lossless switching is desirable for scheduling from USS and switching between 1ms TTI DCI and sTTI DCI. The DCI formats defined for CSS should not be modified by sTTI operation so as not to introduce a higher number of blind decodes for an operation on CSS that remains rare.
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Case 3: partial HARQ process sharing between sTTI and 1ms TTI
A third case is when more HARQ processes, e.g. 16, are available with sTTI compared to 1ms TTI and only a subset of them, e.g. the first 8, is shared with 1ms TTI. In case the number of HPs addressable is higher in the format used before a switch than after a switch, complex mappings can be used such as every second HARQ RTT for the first half of the HPs and every other HARQ RTT for the second half of the HPs. For example, if 16 HPs should be mapped onto 8 HPs every second HARQ RTT uses first eight HPs and next HARQ RTT we use second eight HPs. This is less flexible and can result in extra delay if a retransmission must wait until the next time the HP is mapped. 
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Considering the analysis done on case 1 to 3, case 2 appears more attractive and flexible.
[bookmark: _Toc481580129][bookmark: _Toc481744365]For lossless switching, support the same number of HARQ processes in sTTI, n+3 and n+4 operation when scheduling on USS. 
[bookmark: _Toc481580130][bookmark: _Toc481744366]For lossless switching, HARQ processes are shared between sTTI, n+3 and n+4 operation when scheduling on USS. 

Short TTIs and reduced processing time use asynchronous HARQ in UL. While, per current LTE specifications, normal n+4 operation uses synchronous HARQ for UL. 
Retransmission of a few sTTI HPs out of maybe 16 possible sTTI HPs in 1 ms TTI operation will be flexible and have lower delay if they can be selected in any order. To minimize delays after a switch, it is beneficial if any HP can be transmitted in each TTI, that is, in an asynchronous way. 
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Conclusion 
In section 2 we made the following observations:
Observation 1	The eNB shall have the possibility to dynamically manage which users are served in each TTI duration.
Observation 2	Discarding all HARQ information after a switch will lead to RLC retransmissions with higher delay and possibly data loss.
Observation 3	Waiting for all sTTI HARQ retransmissions to finish before a switch will lead to higher delay.
Observation 4	Addressing all HARQ processes when scheduling from USS after any switch between 2 os, 7 os, n+3 or n+4 is necessary for lossless HARQ handling
Observation 5	Not being able to address all HARQ processes in n+3/n+4 operation is less flexible and can result in longer delays.
Observation 6	Asynchronous UL HARQ after a switch between 2 os, 7 os, n+3, or n+4 gives a flexible switch with lower delay of user data.

Based on the discussion in section 2 we propose the following:
Proposal 1	For lossless switching, support the same number of HARQ processes in sTTI, n+3 and n+4 operation when scheduling on USS.
[bookmark: _GoBack]Proposal 2	For lossless switching, HARQ processes are shared between sTTI, n+3 and n+4 operation when scheduling on USS.
Proposal 4	For lossless switching, introduce asynchronous UL HARQ for n+4 1 ms TTI operation when the UE is scheduled on the user-specific search space, keeping the synchronous HARQ when UE is scheduled on the common search space.
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