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1 Introduction

In the new WI on short TTI and reduced processing [1] the detailed objectives include a study and potential specification of short TTI impact on processing time following the recommendations of [2]. Processing time – related recommendations of [2] include the following.
It is recommended to reduce the maximum TA for short TTI operation with processing time reduction compared to Rel-13. 

A single minimum delay between UL grant and UL data and between DL data and DL HARQ feedback is recommended to be supported for a given sTTI length

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

The minimum timing for UL grant to UL data and for DL data to DL HARQ is n + k TTI for subframe-long TTI operation and short TTI capable UEs. 

· k = 4 is supported

In this paper we discuss aspects of processing time reduction for short TTI operation in LTE and related aspects. This topic has previously been discussed in papers [3]

 REF _Ref450033711 \r \h 
[4]

 REF _Ref450033713 \r \h 
[5]

 REF _Ref453832535 \r \h 
[6].
2 Discussion

As previously noted in [5] the HARQ RTT and number of HARQ processes may need to be increased for short TTI operation. The main part of processing is due to turbo encoding and decoding, and this contribution scales linearly with transmitted block size and is therefore shorter for a shorter TTI. Along with this contribution there are non-scalable sources of processing, such as FFT and IFFT, and TA. Also scheduling delay does not directly depend on TTI length, but can be shortened e.g. if a limited number of UEs are scheduled per TTI.
Observation 1
There are non-scalable contributions to processing time that need to be considered.

2.1 Delays to specify

Assuming asynchronous operation for UL HARQ, the only delays that need to be specified for short TTI operation are the UL grant to UL data delay, and the DL data to DL HARQ delay.

The UL grant to UL data delay should take into account the need for the UE to prepare for the transmission after being instructed about the transport format. The UL data needs to be Turbo encoded, and the delay required for this will depend on the block size, which relates to the UL TTI length. We propose to use a fixed value of this delay for every UL TTI length.
Proposal 1
The UL grant to UL data timing should be fixed for a UL TTI length.

The DL data to DL HARQ delay should take into account the Turbo decoding in the UE. The duration of this processing will depend on the DL TTI length. We therefore propose to use a fixed value of this delay for every DL TTI length.
Proposal 2
The DL data to DL HARQ timing should be fixed for a DL TTI length.

When specifying the delays, the actual required processing time should be considered. This may be shorter when preparing an UL transmission than when receiving a DL transmission. Therefore, there is nothing requiring these delays to be the same for a given TTI length.

Proposal 3
The UL grant to data timing and DL data to HARQ timing can be set independently for a TTI length.

2.2 TA
Current maximum TA, 0.67ms, is dimensioned for a maximum cell size of 100km. For short TTI operation aiming at UEs in good coverage, this level is unnecessary and prevents a further reduction in processing time in the UE. To facilitate processing time reduction for short TTI operation, [2] makes the recommendation to reduce the maximum TA compared to Rel-13. Reduced processing time for short TTI-capable UEs was also agreed to be specified for 1ms TTI operation as part of this work item [1]. When deciding a reduction of maximum TA for short TTI operation, it is preferable to consider constraints given by 1ms TTI operation as well. It is indeed advantageous to define a single maximum TA reduction for both short TTI and 1ms TTI operation for short TTI capable UEs. This way, the eNB has the flexibility to change easily the TTI length with which a short TTI capable UE is served, i.e. between the agreed short TTI lengths and 1ms TTI with reduced processing time.
Proposal 4
Specify the same maximum TA reduction for both short TTI operation and 1ms TTI oepration with reduced processing time.

The 1ms TTI operation with reduced processing time does not only address UE in good coverage and is suited for large cell deployments. Reducing maximum TA  by half, to a maximum of 0.33ms may still support cell sizes of 50km, which should be sufficient for 1ms TTI operation with reduced processing time as well as sTTI operation. A further reduction would be beneficial for the processing delay, but may limit the use cases for short TTI.
Proposal 5
Specify a maximum TA reduced to 0.33ms for short TTI capable UEs.
2.3 Processing in the UE

In the UE we can discriminate between three delay contributions that together make up to the processing time budget: scalable delay, non-scalable delay, and TA. The scalable delay is mainly related to Turbo encoding and decoding, and is assumed to scale with transport block size and therefore TTI length. This is in contrast to the non-scalable delay which accounts for e.g. FFT and IFFT.

Starting from the legacy processing of 3TTI, or 42os, we can calculate what fraction of the processing that can be scaled if we assume levels for the non-scalable delay and the TA. Here, we select three levels of non-scalable delay: 7os (high), 4os (intermediate), or 1os (low). For the TA we study 10os (current TA), or 5os ( half TA). Scaling the scalable part according to the number of data and control symbols we then find the required processing delay in TTI. This is given in Table 1 for DL data to HARQ processing. The UE timing for UL grant to data and DL data to HARQ is the respective processing delay plus one TTI.
Assuming that the intermediate level is a reasonable choice for the required DL data to HARQ timing, it would then be n+8 TTI for 2os TTI, and n+5 TTI for 7os TTI. 
Table 1. Processing delay in the UE for DL data to HARQ for different contributions of non-scalable processing and TA.
	Non-scalable part
	TTI length
	Current TA (0.67ms, i.e. ~10os)
	Half TA (0.33ms, i.e. ~5os)

	1os (low)
	2os
	16os = 8 TTI
	12os = 6 TTI

	
	7os
	25os = 4 TTI
	22os = 4 TTI

	4os (intermediate)
	2os
	18os = 9 TTI
	14os = 7 TTI

	
	7os
	26os = 4 TTI
	24os = 4 TTI

	7os (high)
	2os
	21os = 11 TTI
	17os = 9 TTI

	
	7os
	28os = 4 TTI
	25os = 4 TTI


Proposal 6 

Define timing for DL data to DL HARQ to be
· 2 os TTI: n+8 DL TTI
· 7 os TTI: n+5 DL TTI

For the UL grant to data the processing (Turbo encoding) can likely be done faster, and in this case the low level is a reasonable choice. The scaled processing for UL data delays are given in Table 2. Note that the scalable part is scaled by the number of data and control symbols, so the DMRS symbols of PUSCH are excluded. The resulting UL grant to data timing would then be n+6 TTI for 2os and 4os TTI, and n+5 TTI for 7os TTI.

Table 2. Processing delay in the UE for UL grant to data for different contributions of non-scalable processing and TA.

	Non-scalable part
	TTI length
	Current TA (0.67ms, i.e. ~10os)
	Half TA (0.33ms, i.e. ~5os)

	1os (low)
	2os
	14os = 7 TTI
	9os = 5 TTI

	
	4os
	19os = 6 TTI
	15os = 5 TTI

	
	7os
	27os = 4 TTI
	24os = 4 TTI

	4os (intermediate)
	2os
	17os = 9 TTI
	12os = 6 TTI

	
	4os
	21os = 6 TTI
	18os = 5 TTI

	
	7os
	28os = 4 TTI
	26os = 4 TTI

	7os (high)
	2os
	20os = 10 TTI
	15os = 8 TTI

	
	4os
	24os = 7 TTI
	20os = 6 TTI

	
	7os
	30os = 5 TTI
	27os = 4 TTI


Proposal 7

Define timing for UL grant to UL data to be
· 2 os TTI: n+6 UL TTI

· 4 os TTI: n+6 UL TTI

· 7 os TTI: n+5 UL TTI 

The equivalent assumptions on processing time in eNB for encoding and decoding data leads to an expected HARQ RTT of 14 TTI for 2os TTI, and 10 TTI for 7os TTI, respectively. The HARQ timing can be assumed to be equal to the sum of the delays, but does not itself require specification and is allowed to vary.
Based on these proposals the required number of HARQ processes for short TTI operation should be 16, which also allows for some scheduling flexibility using asynchronous HARQ in eNB.
Proposal 8
The number of HARQ processes should be increased to 16 for short TTI operation.
In the above discussion we have assumed that the UE currently uses the entire available processing time. However, it is likely that improved hardware and margins in the specification has room left for idle time, in which case the processing can be reduced further. Input from UE vendors would thus be of value.
Observation 2
If not all current processing is used by the UE the processing time can be scaled more than linearly.
It is also worth noting that if the UE or eNB want to support continuous transmission and reception in a series of subsequent TTIs, the equivalent processing capability of all parallelized sub-processes should be to handle one TTI within one TTI to avoid data stacking up. If this processing delay is not feasible, scheduling restrictions can be needed.
Observation 3
Continuous transmission/reception may require equivalent processing capability of 1 TTI level.
2.3.1 Different TTI length in DL and UL

When the TTI length is different in DL and UL, the proposed delays may need to be adjusted. For instance, if the DL TTI length is 2 symbols and the UL is 7, the DL HARQ feedback from 3 DL TTIs should be transmitted in the same UL TTI. Therefore, an interpretation of the timing values should be applied in these cases.

Observation 4
The proposed timing values should be interpreted in the case of different DL and UL TTI.

3 Conclusion

In section 2 we made the following observations:
Observation 1
There are non-scalable contributions to processing time that needs to be considered.

Observation 2
If not all current processing is used by the UE the processing time can be scaled more than linearly.

Observation 3
Continuous transmission/reception may require equivalent processing capability of 1 TTI level.

Observation 4
The proposed timing values should be interpreted in the case of different DL and UL TTI.



Based on the discussion in section 2 we propose the following:
Proposal 1
The UL grant to UL data timing should be fixed for a UL TTI length.

Proposal 2
The DL data to DL HARQ timing should be fixed for a DL TTI length.

Proposal 3
The UL grant to data timing and DL data to HARQ timing can be set independently for a TTI length.

Proposal 4
Specify the same maximum TA reduction for both short TTI operation and 1ms TTI oepration with reduced processing time.

Proposal 5
Specify a maximum TA reduced to 0.33ms for short TTI capable UEs.

Proposal 6 

Define timing for DL data to DL HARQ to be
· 2 os TTI: n+8 DL TTI
· 7 os TTI: n+5 DL TTI
Proposal 7 

Define timing for UL grant to UL data to be
· 2 os TTI: n+6 UL TTI

· 4 os TTI: n+6 UL TTI

· 7 os TTI: n+5 UL TTI 

Proposal 8
The number of HARQ processes should be increased to 16 for short TTI operation.
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