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1. Introduction
Discussions on the processing time for shorter TTI operation took place at RAN1#84bis [4], and the following related agreements have been reached:
Agreements:
· If DL data transmission is scheduled in a short TTI, the processing time for preparing the HARQ feedback by UE and the processing time for preparing a potential retransmission by eNB are assumed to be reduced
· FFS: the extent of processing time reduction
· If UL data transmission is scheduled in a short TTI, the processing time for preparing UL data transmission upon UL grant reception at UE and the processing time for scheduling a potential retransmission by eNB are assumed to be reduced
· FFS: the extent of processing time reduction

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 for sTTI operation 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. 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. 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 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). 

Assuming that faster processing times for very short TTI length, i.e. 2-os sTTI length, is not feasible in practice, we conducted the following simulation evaluation based on the agreed simulation assumptions [3] for FDD LTE/LTE-A as shown in Table-1 below:

Table-1: Simulation evaluation for FDD sTTI with longer processing time
	
	UL access delay
	HARQ ACK/NACK RTT
	Notes:

	7 symbol sTTI
	6ms
=(X*2+Z)+X*2+Y, where X=0.75ms, Y=2ms, Z=0.5ms
	4ms
=(X*2+Z)*2, where X=0.75ms
	Baseline of 7-symbol, with processing time of 0.75ms and SR periodicity of 2ms

	2 symbol sTTI
	1.7ms
	1.14ms
	Baseline of 2-symbol, assume the same 12TTI for UL access delay and 8TTI for HATQ RTT

	
	2ms
	2ms
	Longer processing time assumption for 2-symbol sTTI

	
	3ms
	2ms
	Much longer processing time assumption for 2-symbol sTTI

	Where X=Processing time delay. Y=SR periodicity, Z= TTI length



As shown in Table-1, the processing time in our conducted simulations mainly impact the UL access delay and HARQ ACK/NACK RTT, where the UL access delay has the effect on TCP ACK transmission in UL and it is modelled of summation of below three parts: 
· SR to UL grant delay, i.e. eNB processing time for packet decoding and transmission preparing respectively together with UL grant transmission delay  
· UL grant to UL transmission delay, i.e. UE processing time for packet decoding and transmission preparing respectively
· SR waiting time, which is practically configured by higher-layer
Considering the baseline setup for 7-symbol sTTI, we assume the linear scale down value of legacy processing time to 0.75ms and SR periodicity of 2ms, where it corresponds to the UL access delay and HARQ RTT of 6ms and 4ms respectively. In terms of TTI lengths, 6ms of UL access delay corresponds to 12 sTTI-length of 7-symbol sTTI and 4ms of HARQ RTT corresponds to 8 sTTI-length of 7-symbol sTTI. Moreover, considering the baseline case of 2-symbol sTTI (blue in Table 1), we have the same 12 sTTI-length assumption for UL access delay and 8 sTTI HARQ RTT corresponding to 1.7ms and 1.14ms for 2-symbol sTTI.
As agreed in RAN1#84bis [4], the extent value of processing time reduction for short TTI is FFS. Therefore, in our simulations, we conducted evaluations of two more relaxed processing time requirements for 2-symbol TTI (green in Table 1) with either 2ms or 3ms assumed for UL access delay and 2ms assumed for HARQ ACK/NACK RTT delay. Compared with baseline value setup of the 2-symbol TTI, the longer delay is assumed here due to longer processing time assumption for operating of 2-symbol sTTI.
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Figure-3: System-level simulation results 
	Table-2: Numerical comparison of SLS results:
	

	Low load
Packets arrival rate:0.25
	Medium load
Packets arrival rate:0.5
	High load
Packets arrival rate:0.75

	TTI length
UL access delay/RTT
Unit: ms
	7OS
6/4
	2OS
1.7/1.14
	2OS
2/2
	2OS
3/2
	7OS
6/4
	2OS
1.7/1.14
	2OS
2/2
	2OS
3/2
	7OS
6/4
	2OS
1.7/1.14
	2OS
2/2
	2OS
3/2

	DL: UPT
[Mbps]
(mean)
	43.7
(0% ref.)
	60.4
(38.2%)
	47.8
(9.3%)
	45.9
(5.2%)
	36.9
(0% ref.)
	47.9
(29.6%)
	37.9
(2.9%)
	36.6
(-0.9%)
	31.1
(0% ref.)
	35.1
(13.1%)
	28.8
(-7.3%)
	27.884
(-10.3%)






In Figure-3 and Table 2, the system performance results are shown with different traffic loads according to the agreed evaluation assumptions [3]. As it can be seen that, for the comparison of the baseline processing time assumptions (blue in Table 1), the 2-symbol sTTI has clearly gain performance over 7-symbol sTTI (13-38%). But when longer processing time is required for operating of 2-symbol sTTI, the performance gain of 2-symbol sTTI is disappearing or even a loss can be seen for medium and high loads when comparing with the baseline case of 7-symbol sTTI, as shown in Table-2.

Observation 2: When longer processing time is required for operating of 2-symbol sTTI, the performance gain of 2-symbol sTTI is disappearing (and even negative) when comparing with the baseline case of 7-symbol sTTI.

These results clearly show that the combination of longer relative processing delay combined with short TTI length is not desirable. Therefore we propose to only support short TTI lengths where the processing delay can be at least linearly decreased. 

Proposal: 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).

Moreover, 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 (if shorter processing times are possible overall) 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 3: 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.

3. Summary
In this contribution, we discuss processing time requirements for low latency operation. Based on the discussions and the system performance results of variable processing time requirements for shorter TTI operation in this document the following is concluded:
· 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. 
· Observation 2: When longer processing time is required for operating of 2-symbol sTTI, the performance gain of 2-symbol sTTI is disappearing (and even negative) when comparing with the baseline case of 7-symbol sTTI.
· Observation 3: 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: 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).

A more comprehensive set of system performance evaluations results including processing time considerations can be found in our low latency system level performance paper in [5].
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