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Introduction
With reduced processing time as currently defined in RAN1 according to [1] LTE latency in DL and UL is reduced 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:
· 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 contribution, we discuss the fallback solution from n+3 to n+4 and propose a method to handle HARQ transition from asynchronous UL to synchronous UL operation. 

[bookmark: _Ref178064866]Discussion
Assuming a UE has been configured with reduced processing time, i.e. n+3 timing, there will be situations where the eNB should initiate a RRC reconfiguration. An example of such situation is when the UE is moving away from the eNB towards the cell edge in a large cell. Since the n+3 operation has a lower maximum timing alignment (TA) than n+4 operation a RRC reconfiguration of the processing time from n+3 to n+4 is required. 
Another example where the eNB wants to initiate a RRC reconfiguration while operating with the n+3 timing is if the transmission mode is changed, e.g. from CRS based transmission mode like TM 4 to a DMRS based transmission mode like TM9. 
When the eNB sends a RRC reconfiguration, the exact period until the UE has applied the reconfiguration is unknown to the eNB. Only the maximum duration is specified but not the exact time. During this period eNB cannot know what state the UE is in, and therefore should fall-back to scheduling the UE on the common search space (CSS) where only n+4 scheduling is possible with synchronous HARQ in UL. This is also mentioned in the last main bullet of the RAN1 agreement copied above: “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”. In other words, if a UE is scheduled in the common search space, it will operate in legacy n+4, while scheduled in the User-specific search space, the reduced processing time n+3 scheduling can be applied. 
It is also good to highlight the note that is part of the RAN1 agreement copied above for convenience: “Note: It is not expected that the eNB will often change between n+3 and n+4 scheduling timing”. Switching from n+3 to n+4 operation is a fall-back mechanism expected to occur rarely.
For fall-back from n+3 to n+4 with synchronous UL HARQ we should consider before and after the switch 
A. HARQ process number. Addressing all HPs that were sent in a different mode 
B. DL assignments and DL data 
C. HARQ feedback for DL data 
D. UL grants and UL data 
E. HARQ feedback for UL data 

HARQ process numbers 
As noted in the companion paper [2], if the HARQ process number uses only three bits in n+4 and n+3 uses four bits, then 16 n+3 HPs numbered from 0 to 15 need to be mapped onto 8 n+4 HPs numbered 0 to 7. 
For example, in FDD, we can split 16 HPs of n+3 in to two groups and for retransmissions after a switch map HPs 0-7 to n+4 HP 0-7 every even HARQ RTT and map n+3 HPs 8-15 to n+4 HP 0-7 every odd HARQ RTT. This will result in extra delay if a retransmission must wait until the next SFN. 
Even if n+3 can have up to 16 HPs, only six is needed for continuous transmissions. We can thus choose to map HP numbers 0 to 7 of n+3 (though in most cases only six of them will be in use) to HP number 0 to 7 of n+4, and the HP numbers 8 to 15 of n+3 can be flushed at the switch. Smart handling in the eNB will minimize the risk of flushing HARQ data. The n+4 operation is synchronous in UL, thus one must connect the HARQ process number to the SFN and subframe number as noted in [3]: 
HARQ_Process_ID = [SFN * number_of_UL_SFs_per_radio_frame + index_of_UL_SF] modulo number_of_UL_HARQ_processes
where index_of_UL_SF is equal to n-1 for the n:th UL subframe within a radio frame, and number_of_UL_SFs_per_radio_frame and number_of_UL_HARQ_processes is dependent on the frame structure and the UL/DL configuration, and number_of_UL_HARQ_processes is when scheduled in n+4. Special considerations are needed when wrapping SFN from 1023 to 0 in TDD configuration 0. 
[bookmark: _Toc473742154][bookmark: _Toc473749910][bookmark: _Toc473750819][bookmark: _Toc473817491][bookmark: _Toc473885460][bookmark: _Toc473885603][bookmark: _Toc473889516][bookmark: _Toc473907927][bookmark: _Toc473908107][bookmark: _Toc473908239][bookmark: _Toc473908322][bookmark: _Toc473908565]To enable retransmissions of n+3 HPs in n+4 synchronous operations and vice versa, we can define the n+4 synchronous HP numbering as a function of the SFN and subframe. 
[bookmark: _Toc473742155][bookmark: _Toc473749911][bookmark: _Toc473750820][bookmark: _Toc473817492][bookmark: _Toc473885461][bookmark: _Toc473885604][bookmark: _Toc473889517][bookmark: _Toc473907928][bookmark: _Toc473908108][bookmark: _Toc473908240][bookmark: _Toc473908323][bookmark: _Toc473908566]For almost loss less switching from n+3 with 16 HPs to n+4 synchronous operations, we can drop the HPs numbered 8 to 15 and let n+3 HP number 0 to 7 map to n+4 HP number 0 to 7. 

[bookmark: _Toc473749917][bookmark: _Toc473750824][bookmark: _Toc473817499][bookmark: _Toc473885466][bookmark: _Toc473885609][bookmark: _Toc473889522][bookmark: _Toc473907933][bookmark: _Toc473908113][bookmark: _Toc473908245][bookmark: _Toc473908328][bookmark: _Toc473908571]Define the UL n+4 synchronous HP number as 
[SFN * number_of_UL_SFs_per_radio_frame + index_of_UL_SF] modulo number_of_UL_HARQ_processes. 
[bookmark: _Toc473749918][bookmark: _Toc473750825][bookmark: _Toc473817500][bookmark: _Toc473885467][bookmark: _Toc473885610][bookmark: _Toc473889523][bookmark: _Toc473907934][bookmark: _Toc473908114][bookmark: _Toc473908246][bookmark: _Toc473908329][bookmark: _Toc473908572]At a switch from n+3 with 16 HPs to n+4 synchronous operations, drop the HPs numbered 8 to 15 and let n+3 HP number 0 to 7 map to n+4 HP number 0 to 7. 

Switching from n+3 to n+4 
In Figure 1 we have an example of DL continuous scheduling where boxes indicate HP number and the first six boxes are using n+3, then there is a switch and the next eight are n+4 (indicated with green back ground). The second row indicates when HARQ feedback shall be transmitted in the UL. Note that there will be on TTI where there is no feedback to transmit. 
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Figure 1 Example of HP usage for continuous DL scheduling with switch from n+3 to n+4 after 6 TTIs 

If continuously scheduled in the UL, there will be one empty TTI at m+3 if the first n+4 grant is transmitted in TTI m, see Figure 2.
Illustrated in Figure 2 we have the first six boxes to the left scheduled with n+3 timing and then an empty box where no grant is valid and to the right we have the eight n+4 UL transmissions (indicated with green back ground) (the HP numbers are never signalled for n+4). We also see the grants for the n+3 scheduling (indicated with gX) on first row and grants for n+4 scheduling (indicated with GX). The PHICH feedback row is after the boxes, and as n+3 is asynchronous there is no PHICH feedback for them but we indicate when the feedback would have been sent by aX. 
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Figure 2 Example of HP usage for continuous UL scheduling with switch from n+3 to n+4 after 6 TTIs

[bookmark: _Toc471969548][bookmark: _Toc473154617][bookmark: _Toc473156423][bookmark: _Toc473687333][bookmark: _Toc473688710][bookmark: _Toc473689196][bookmark: _Toc473695683][bookmark: _Toc473705528][bookmark: _Toc473742157][bookmark: _Toc473749914][bookmark: _Toc473750821][bookmark: _Toc473817495][bookmark: _Toc473885462][bookmark: _Toc473885605][bookmark: _Toc473889518][bookmark: _Toc473907929][bookmark: _Toc473908109][bookmark: _Toc473908241][bookmark: _Toc473908324][bookmark: _Toc473908567]When continuously scheduled in UL, before the n+3 to n+4 switch there will be one TTI without any valid grant. 
Like the switch from sTTI to n+4 [2], the n+3 grant does not define an PHICH in n+4 to listen to after a switch. To have simple operation as the switch from sTTI to n+3/n+4 we suggest to only have adaptive retransmissions after the switch from n+3 to n+4. 
[bookmark: _Toc473817496][bookmark: _Toc473885463][bookmark: _Toc473885606][bookmark: _Toc473889519][bookmark: _Toc473907930][bookmark: _Toc473908110][bookmark: _Toc473908242][bookmark: _Toc473908325][bookmark: _Toc473908568]It is complex to connect n+3 grants to a PHICH after a switch from n+3 to n+4 synchronous UL HARQ without collisions on PHICH. 
For switching from n+3 to n+4 synchronous operations, we should consider that n+4 synchronous does not signal the redundancy version, RV, in the DCI – this can be solved by requiring adaptive retransmissions after the switch. This is less flexible than asynchronous operation and might result in extra delay as retransmissions must wait for the correct SFN and subframe. 
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[bookmark: _Toc473908115][bookmark: _Toc473908247][bookmark: _Toc473908332][bookmark: _Toc473908575]As switching to n+4 synchronous operations is a fallback case not often expected, we do not need to optimize for lossless switching. 

Switching from n+4 to n+3:
Continuous scheduling in DL is straight forward, the only issue is that feedback for two TTIs should be transmitted on PUCCH/PUSCH in the same TTI, se example in Figure 3 below. In the figure the first eight boxes have the HP numbers of n+4 scheduled data and the next six are HP numbers scheduled with n+3 (indicated by green back ground). The row after the boxes are the HARQ feedback for n+4 scheduled data and last row is the HARQ feedback for n+3 scheduled data. 
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Figure 3 Example of HP usage for continuous DL scheduling with switch from n+4 to n+3 after 8 TTIs
[bookmark: _GoBack]If needed more DL HPs can be retransmitted after the initial six, effectively having 8 TTI HARQ RTT in n+3 operation until two retransmissions of n+4 HPs have been successfully received. 
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This is being discussed in RAN1. 

In Figure 4 we have the uplink HP numbers in boxes, first eight are n+4 and last six are n+3 (indicated with green background). On top row are the grants sent, first five are n+4 (indicated by GX) and last six n+3 (indicated by gX). The row after the boxes has PHICH for the n+4 transmissions and last row just indicate when eNB would have UL feedback ready to be transmitted – but as n+3 is asynchronous nothing will be sent on PHICH for those. The first TTI indicated with green can have two UL grants valid, one for n+4 and one for n+3 (the G0 respectively g0 indicated with red font). 
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Figure 4 Example of HP usage for continuous UL scheduling with switch from n+4 to n+3 after 8 TTIs

[bookmark: _Toc473689198][bookmark: _Toc473695685][bookmark: _Toc473705530][bookmark: _Toc473742159][bookmark: _Toc473749916][bookmark: _Toc473750823][bookmark: _Toc473817498][bookmark: _Toc473885465][bookmark: _Toc473885608][bookmark: _Toc473889521][bookmark: _Toc473907932][bookmark: _Toc473908112][bookmark: _Toc473908244][bookmark: _Toc473908327][bookmark: _Toc473908570]Two UL grants valid for TTI m will be received at the UE, if the UE is scheduled with n+4 in TTI m-4 and scheduled with n+3 in TTI m-3.
This is being discussed in RAN1. 

Conclusion
In section 2 we made the following observations:
Observation 1	To enable retransmissions of n+3 HPs in n+4 synchronous operations and vice versa, we can define the n+4 synchronous HP numbering as a function of the SFN and subframe.
Observation 2	For almost loss less switching from n+3 with 16 HPs to n+4 synchronous operations, we can drop the HPs numbered 8 to 15 and let n+3 HP number 0 to 7 map to n+4 HP number 0 to 7.
Observation 3	When continuously scheduled in UL, before the n+3 to n+4 switch there will be one TTI without any valid grant.
Observation 4	It is complex to connect n+3 grants to a PHICH after a switch from n+3 to n+4 synchronous UL HARQ without collisions on PHICH.
Observation 5	HARQ feedback from two DL transmissions should be sent from the UE in one TTI when switching from n+4 to n+3.
Observation 6	Two UL grants valid for TTI m will be received at the UE, if the UE is scheduled with n+4 in TTI m-4 and scheduled with n+3 in TTI m-3.

Based on the discussion in section 2 we propose the following:
Proposal 1	Define the UL n+4 synchronous HP number as  [SFN * number_of_UL_SFs_per_radio_frame + index_of_UL_SF] modulo number_of_UL_HARQ_processes.
Proposal 2	At a switch from n+3 with 16 HPs to n+4 synchronous operations, drop the HPs numbered 8 to 15 and let n+3 HP number 0 to 7 map to n+4 HP number 0 to 7.
Proposal 3	Allow only adaptive retransmissions, of HPs initially sent before the switch, after a switch to synchronous n+4 operation.
Proposal 4	As switching to n+4 synchronous operations is a fallback case not often expected, we do not need to optimize for lossless switching.
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