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[bookmark: _GoBack]1. Introduction
One crucial point in the discussion on how to support latency reduction is the consideration on processing time. In this contribution, we discuss on needed processing time reductions as well as investigate how UE and eNB processing time reductions could be utilized in the most efficient manner. 
Although the discussions in the paper focus mainly on LTE FDD (FS1), similar principles are seen as equally applicable to LTE TDD (FS2). 
2. Processing time and shortened TTI lengths
Most of the discussions in RAN1 so far focused on reducing the TTI length – but the underlying assumption in most of the evaluations has been that the UL/DL processing times scale linearly in order to harvest the latency reduction gains. 

As we discussed in [1], reducing the TTI length but keeping the allowed absolute processing times for UL and DL operation unchanged compared to legacy will not significantly reduce the UL and DL one-way latency or round-trip time of currently 8ms. Therefore, clearly some shorter processing time will be needed. As also noted in [2], the absolute allowed processing time has a close to linear impact on the average latency. Therefore, only introducing shorter TTI operation without reducing the processing latency (be shortening the HARQ-ACK reporting and/or UL scheduling delays) at the same time considerably is not helping in reaching the intended goal to reduce the LTE radio latency. 

As we discussed in [1], having a linear relationship of the reduced latency for shorter TTI would be the most desirable operation. However, for very short TTI lengths of e.g. 1 or 2 OFDM symbols, keeping the N+4 relationships in the UL & DL HARQ processing might not be reasonable any longer and the allowed processing time relative to the TTI length would need to be increased. Therefore, for very short TTI lengths of e.g. 1 or 2 OFDM symbols, clearly keeping the N+4 relationships in the UL & DL HARQ processing might not be reasonable any longer and the allowed processing time relative to the TTI length would need to be increased. 

Observation 1: A linear decrease in the allowed processing times (i.e. keeping the N+4 TTI scheduling and HARQ feedback assumptions) will not be feasible for very short TTI lengths. 

Therefore, the basic question here is which sTTI length can be supported while keeping at least the current relative HARQ-Ack processing times (incl. for UL operation the UL grant to scheduling delay) and for which very short TTI lengths would we need a relaxation for something longer than N+4 (i.e. >3TTI processing delay). We think, that the combination of longer relative processing delay combined with short TTI length is not desirable and therefore propose to only support short TTI lengths where the processing delay can be at least linearly decreased. 

Proposal 1: Specify only short TTI lengths, where the processing delays can be at least linearly decreased in order to be able to keep or shorten the current N+4 HARQ processing operation (i.e. round-trip time of ≤8 TTIs for FDD). 
3. Reduction of processing times applicable for legacy TTIs 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The reduced processing time is a UE as well as an eNB capability. A UE not supporting the needed reduction in processing time will not be able to indicate the related shortened TTI support and an eNB not being able to reduce its processing time will not be able to operate the cell with shortened TTI in general. 

Having now the capability to reduce the processing time at eNB side and UE side, one might ask if it would be possible to reduce the processing time also for the legacy 1ms TTI for such UEs which support reduced latency operation. The motivation for considering legacy TTI usage for low latency capable UEs comes from the following facts:
· For DL sTTI operation: 
· The DL control overhead is increased, as some DL control overhead is present in each sTTI.
· In case of very short DL TTI, the DM-RS overhead of DM-RS based DL transmission modes is increasing as discussed during RAN1#84. Such large overhead would not be present when using longer TTI lengths. 
· For UL sTTI operation:
· The DM-RS overhead is also a limiting factor of sTTI operation in UL (sPUSCH).
· The PUSCH coverage will be reduced with sTTI operation. Therefore, longer sTTI or even legacy TTI length may be needed for PUSCH in the coverage limited area.

The considerations in this section focus for the sake of simplicity on the combination of 1ms legacy TTI and slot-level TTI, but the principle should be generally applicable independent of the two TTI lengths (legacy TTI and short TTI, or sTTIs of different lengths). 

Let’s consider here a UE with capability of slot-level sTTI operation (for UL & DL) and assume that the processing time for such UE is reduced linearly, i.e. the N+4 scheduling / HARQ-Ack feedback delay assumption is applicable with slot-level sTTI. 

For (s)PDSCH operation, the UE needs to be able to (i) decode the DL grant, (ii) perform channel estimation for PDSCH demodulation, (iii) perform PDSCH data turbo decoding and (iv) create the related Ack-Nack for transmission and (v) start the Ack-Nack transmission on PUCCH/PUSCH 3 TTIs (i.e. in N+4) after the end of the DL (s)TTI carrying the (s)PDSCH. 
With legacy operation, such UE would have 3ms for these 5 processing steps whereas for the slot-level sTTI the UE would only have 1.5ms (half the time). However, four of the five processing steps are clearly independent of the TTI length. The only difference is the number of turbo coded blocks the UE needs to decode which in worst case could be double the amount with legacy TTI operation compared with slot-level TTI operation. (This is due to double the amount of PDSCH symbols being available with legacy TTI operation.) Therefore, when receiving with legacy TTI, the UE with slot-level TTI capability could be requested to handle the five processing steps in a time equal to 1.5ms + the time for the additional turbo decoding. The additional turbo decoding corresponds to at most one slot of data whose decoding the UE must be able to handle in less than a slot because otherwise it would not be able to be scheduled continuously. This means that the total processing time of legacy 1ms TTI can be reduced to at least 2ms for a UE with the slot-level sTTI capability.   

Looking now at PUSCH operation, a similar timing relation can be considered. Regarding the PUSCH scheduling delay, the UE currently has 3 TTIs to (i) decode the UL grant/PHICH and (ii) prepare the turbo coded data for transmission and (iii) start transmission of PUSCH in subframe N+4. Again, steps (i) and (iii) should be independent of the TTI length and are clearly a processing capability. The only difference is the maximum TBS for PUSCH the UE needs to prepare for transmission in step (ii). Having the same considerations here as for PDSCH, also the UL grant to PUSCH transmission delay could be reduced to ≤2ms for a UE that supports slot-level TTI operation.  

Equally, the allowed processing at the eNB should be able to be reduced to process the 1ms PUSCH faster than given by the current PHICH delay of 3 subframes. Using asynchronous UL HARQ as proposed in [3] would already enable such reduction of eNB processing time applicable also for legacy 1ms operation, in case the asynchronous HARQ operation for UEs configured for shorter TTI would be also applicable to 1ms PUSCH operation.  

Therefore, when having the improved processing capabilities in the eNB and the UE in order to enable shorter TTI operation, the reduced processing time can be equally applied to legacy 1ms TTI for such UEs and eNBs. This can reduce the radio delay without having to suffer from the drawbacks of sTTI operation including increased UL & DL overhead, added UE, eNB, and specification complexity and potentially reduced coverage. From the UE point of view this kind of approach (i.e. reducing just processing times) would broaden the opportunities for latency reduction, as this could relax specifically for UL/PUSCH operation the connection between latency reduction & environment/cell size. Therefore, decreasing also the processing times for legacy 1ms TTI should be considered when specifying lower latency LTE operation.

Assuming that the shorter processing times from shorter TTI lengths can be also applied to longer TTI lengths, the one-way latency can be decreased as shown in Table 1 below.

Table-1: U-plane Latency Analysis for FDD with sTTI Processing Time Assumption
	Component
	Process
	One-way Latency

	
	
	14-symbol
	7-symbol
	14-symbol with 7-symbol sTTI processing time
	2-symbol
	7-symbol with 2-symbol sTTI processing time

	1
	eNB Processing Delay
	1.0
	0.5
	0.5
	0.14
	0.14

	2
	Frame Alignment
	0.5
	0.25
	0.5
	0.07
	0.25

	3
	TTI Duration
	1
	0.5
	1
	0.14
	0.5

	4
	UE Processing Time
	1.5
	0.75
	0.75
	0.21
	0.21

	5
	10% HARQ Retransmission
	0.8
	0.4
	0.6
	0.11
	0.2

	Total one way latency (ms)
	4.8
	2.4
	3.35
	0.69
	1.31

	Latency Reduction Gain against Legacy Latency
	
	50%
	30%
	86%
	73%



As can be seen from Table-1 in the blue columns, assuming the processing time reduction needed for slot-level TTI operation and applying this to the legacy 1ms TTI will decrease the one-way latency from 4.8ms to 3.35ms (i.e. by 30%) already. 

Equally, assuming the shortened processing time needed for 2-symbol TTI and applying the processing time to slot-level TTI will decrease the one-way latency compared to legacy subframe length to 73%. The full 2-symbol TTI operation with all its needed specification changes and overhead considerations would bring the one way latency reduction to 86%. Considering the rather extensive specification work to support shorter TTI lengths than 7-symbols/slot-level as well as the related overhead issues (not taken into account here), staying with the slot-level TTI operation and apply shorter processing times as e.g. given by the 2-symbol TTI seems to be a rather compelling alternative to the introduction of very short sTTI lengths.

Observation 2: Defining only 7-symbol/slot-level sTTI operation but assuming shorter processing times seems to be a compelling alternative to specification of shorter than slot-level sTTIs.

Overall, we think that at least for the subframe TTIs a shortened processing time should be introduced noted as:

Proposal 2: Consider decreasing the allowed processing times for low latency capable UEs and eNBs at least for the legacy 1ms TTI lengths, which decreases the radio latency also without the additional drawbacks of increased overhead of sTTI PDSCH and PUSCH operation. 
4. Summary
In this contribution, we discussed processing time reductions for shorter TTI length operation as well as its applicability for legacy, 1ms PDSCH and PUSCH operation. 
Based on the discussions in this document the following can be noted:
· Observation 1: A linear decrease in the allowed processing times (i.e. keeping the N+4 TTI scheduling and HARQ feedback assumptions) will not be feasible for very short TTI lengths. 

· Proposal 1: Specify only short TTI lengths, where the processing delays can be at least linearly decreased in order to be able to keep or shorten the current N+4 HARQ processing operation (i.e. round-trip time of ≤8 TTIs for FDD).

· Observation 2: Defining only 7-symbol/slot-level sTTI operation but assuming shorter processing times seems to be a compelling alternative to specification of shorter than slot-level sTTIs.

· Proposal 2: Consider decreasing the allowed processing times for low latency capable UEs and eNBs at least for the legacy 1ms TTI lengths, which decreases the radio latency also without the additional drawbacks of increased overhead of sTTI PDSCH and PUSCH operation.
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