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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. Reduced processing time had been discussed initially in RAN1#96 with the following agreements:
	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

· 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

During the SI on Short TTI and reduced processing the following was agreed and included in the TR Error! Reference source not found.. 
· 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 provide an overview of current status pertaining to reduced processing time in terms of RAN 1 agreement and also discuss the possible switching scenarios towards legacy (n+4) or short TTI (n+6) and vice versa. 
[bookmark: _Ref178064866]Discussion
The reduced processing time is intended to reduce the processing time required by UE to provide HARQ feedback for DL data as well as utilize UL grants to transmit UL data. The feature supports both 1ms TTI length as well as short TTI length.  Currently, the processing time for 1ms TTI is agreed as n+3 compared to legacy n+4 timing for 1ms TTI. There is no agreement yet to support sTTI with reduced processing time. Currently, the HARQ feedback time for sTTI is n+6.  Considering the 1ms TTI, the feature includes reducing the maximum processing time in the UE from 3ms to 2ms as shown in Fig.1 below, which partly is achieved by reducing the maximum TA from the current value of 0.67ms to a significantly lower value, 0.33ms or less . By reducing the timing, the HARQ RTT and TCP RTT are reduced, which improves the TCP ramp up time and thus helps to achieve peak throughput earlier. 
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Fig. 1 Reduced Processing Time 

Asynchronous HARQ in UL
The n+3 timing is introduced together with asynchronous UL HARQ, meaning that PHICH is not used for feedback. This provides more flexibility in UL with reduced processing time to use the HARQ process’s in a flexible manner. Asynchronous HARQ UL retransmissions are also scheduled in the same manner as a new UL transmission. The minimum required number of HARQ processes to support n+3 timing is 6. This would be sufficient 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 practice for 8 HARQ processes. However, some additional considerations must be made to ensure seamless switching between 1ms TTI and short TTI operation due to difference in HARQ process numbers as discussed in sections below.
Dynamic switch to short TTI and legacy n+4 operation
Since, reduced processing time feature had limitations in terms of maximum timing advance, a dynamic switch to legacy n+4 operation would be required. Since, both reduced processing time and short TTI are rel-14 features, potentially they would be supported by UE’s simultaneously. Short TTI also had reduced timing advance limitations like reduced processing time but it also incurs spectral efficiency losses and UL coverage in certain situation [2]. Thus, if higher spectral efficiency or enhanced UL coverage is required, reduced processing time would be the natural choice to switch since it had better latency performance than legacy n+4 operation. One good use case that elaborates the efficacy of switching is MBB data using TCP protocol. In this case, where we want to give any starting user a very low delay to speed up the TCP slow start using short TTI grants and after a while if the buffers are large, network would move the user back to 1 ms TTIs to benefit from the higher spectral efficiency and free the short TTI resources for other users. 
Reduced processing time and short TTI both incur reduction in maximum timing advance support but reduced processing time with 1 ms TTI length provide gains over short TTI in terms of spectral efficiency and UL coverage. 
There are substantial use cases requiring a seamless dynamic switch between different short TTI and reduced processing time. 
Based on above discussion, a dynamic, lossless switch between short TTI and reduced processing time with 1ms TTI length should be supported in the network. The possible switch situations from reduced processing time to short TTI and n+4 operations is elaborated below: 
It should be possible to switch between sTTI and 1m TTI including reduced processing time TTI  (n+4 timing) and legacy TTI (n+4 timing).

2.2.1 Dynamic Switching between reduced processing time and normal n+4 TTI

Apart from the basic timing difference between reduced processing time and legacy n+4 operation, the main difference lies in UL HARQ operation. As discussed in section 2.1 earlier, reduced processing time supports asynchronous HARQ in UL whereas the legacy n+4 operation supports synchronous HARQ. This would create issues during the switch since the synchronous HARQ feedback is tied up to an uplink grant. After the switch to n+4 operation, PHICH would not be able to provide feedback for last UL transmissions using asynchronous HARQ as there is no associated uplink grant. There are other potential problems associated with this switch including the different number of HARQ process’s between n+3 and n+4 operation.  
Another potential difference that could arise when moving from n+4 to n+3 operation is the difference in number of HARQ process’s supported. Currently, it is not decided if n+3 would support 6 or 8 HARQ process’s. In case of 6 HARQ process option, feedback for some HPID would not be possible after the switch.

If n+3 operation only supports 6 HARQ process, the feedback for HPID 6 and 7 would not be possible on switch from n+4 to n+3 operation. 

Similarly, on switching between 1ms TTI n+4 to n+3 operation, there are potential issues with HARQ collisions in Uplink due to difference in HARQ feedback timing between n+3 and n+4 operation. The most effective method to handle these issues is to introduce asynchronous UL HARQ in legacy n+4 operation along with supporting the same number of HARQ process’s in both operations.  
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[3] elaborates these issues and propose a potential solution to handle the switch issues on switching from asynchronous to synchronous HARQ in UL. 
2.2.2 Dynamic Switching between reduced processing time (n+3) and short TTI (n+6)
The motivation to switch between short TTI (n+6) and 1ms reduced processing time operation (n+3) is elaborated in section 2.2. Short TTI could potentially have different version as well. The one currently being discussed are 2 symbol and 7 symbol variants of short TTI. In terms of total latency between HARQ feedback, it varies between the two version of short TTI, considering n+6 timing as a baseline for short TTI. Thus, one of the basic difference between short TTI and 1 ms reduced processing time operation lies in the timing of the HARQ feedback. 
One basic different between short TTI and 1 ms reduced processing time operation lies in the timing of the HARQ feedback, especially due to variation in short TTI length itself. 

Apart from the HARQ feedback timing difference between the two TTI lengths, the next big issue during the switch is to handle different number of HARQ process’s. Currently, 16 HARQ processes are being considered for short TTI and 6 or 8 HARQ process’s for reduced processing time. The potential switch between 16 to 8 HARQ process’s is not supported yet leading to a situation that some HARQ buffers would need to be dropped which would not be a loss-less switch. An alternative could be that RAN2 defines some scheme for how the 16 HARQ processes should be mapped to 8 HARQ processes, but this would likely increase complexity. An effective and simpler approach to handle this switch from reduced processing time to short TTI is to have the same number of HARQ process’s for reduced processing time, short TTI as well as legacy TTI.

[bookmark: _Toc473127809]For loss less switching, support the same number of HARQ processes in sTTI and n+3 and n+4 operation for legacy TTI. 

Another potential issue on switching from 1ms operation to short TTI operation is the handling of retransmissions. The HARQ buffer size in 1ms operation is much bigger than short TTI so a retransmission of 1ms transmission using short TTI would require quite many TTI’s. Similarly, a retransmission on 1ms TTI for a short TTI transmission would be a waste of resources due to small size of short TTI compared to 1ms TTI. Also, in worst case scenario, if all 16 HARQ processes on short TTI needs to be retransmitted on 1 ms TTI, it would take quite some time in 1ms operation along with scheduling resources as mentioned earlier.
One simple way to do the switch between sTTI and 1 ms TTI, is to flush the HARQ buffers and start over from empty HARQ buffers. approach. However, if packets are lost during the slow-start phase then the TCP transmitter will assume that there is congestion somewhere in the link between the transmitter and the receiver and the transmitter then backs off and reduces the throughput. So if, during the switch between sTTI to 1 msTTI, packets are lost then the TCP transmitter would assume that the link is congested, even if the link is not and the throughput is limited. Since one main benefit of the sTTI-WI is to improve throughput we think RAN2 should ensure loss-less switch between sTTI and legacy TTI, i.e. where any data in the HARQ buffers are kept during the switch.

Loss-less switch between sTTI and legacy TTI is supported.

[4] elaborates the switching scenarios between different TTI lengths and proposed detailed solutions to handle the switching issues. 

Conclusion
In this contribution, we provide an overview of current status of reduced processing time feature in terms of RAN 1 agreements. The key components of the feature were discussed and the dynamic switching scenarios between different TTI lengths was elaborated. The switching scenarios involves open issues due to difference in type and number of HARQ process’s between short TTI, reduced processing time (1ms TTI) and legacy 1ms TTI. The impact on other areas including CSI reporting is also highlighted. 
In section 2 we made the following observations: 
1. Reduced processing time and short TTI both incur reduction in maximum timing advance support but reduced processing time with 1 ms TTI length provide gains over short TTI in terms of spectral efficiency and UL coverage. 
There are substantial use cases requiring a seamless dynamic switch between different short TTI and reduced processing time. 
If n+3 operation only supports 6 HARQ process, the feedback for HPID 6 and 7 would not be possible on switch from n+4 to n+3 operation. 
One basic different between short TTI and 1 ms reduced processing time operation lies in the timing of the HARQ feedback, especially due to variation in short TTI length itself. 
The reduced processing time feature can potentially reduce the latency to receive aperiodic CSI reports. 

Based on the discussion in section 2 we propose the following:
1. It should be possible to switch between sTTI and 1m TTI including reduced processing time TTI  (n+4 timing) and legacy TTI (n+4 timing).
For loss less switching, introduce asynchronous UL HARQ for n+4 operation. 
[bookmark: _GoBack]For loss less switching, support the same number of HARQ processes in sTTI and n+3 and n+4 operation for legacy TTI. 
Loss-less switch between sTTI and legacy TTI is supported.
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