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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. 
2 Discussion

Even though the overall latency will reduce with short TTI, the HARQ RTT in terms of number of TTIs and the number of HARQ processes 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.
For the WI objective on reduced processing for 1ms TTI it has been agreed to support n+3 without restricting the TBS. This means that the same amount of processing must be done faster, which can be achieved by either removing some unused margin in the defined timing or by improved processing capability.
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. In this discussion point one should not mix up the minimum processing timing with the actually timing used in specific cases. For example, in case of FS2 the minimum processing timing may in many cases be smaller than UL grant to sPUSCH. The same aspect also exists for the DL. 
2.1 TA
Current maximum timing advance, TA, 0.67ms, is dimensioned for a maximum cell size of 100km. For short TTI operation, this level can be reduced to help short TTI UEs meet a tighter HARQ feedback and UL grant delay. However, it is important to note that maximum TA has also an impact on the network deployment flexibility. In case of network deployment based on Remote Radio Heads (RRH), the propagation delay induced by the distance between RRH and baseband unit is also handled through TA in a similar way as the propagation delay over the air between eNB and UE. Therefore, a too large reduction of maximum TA is not suitable as it can limit the actual applicability of short TTI in the network.
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]. It is now decided in RAN1 that the reduced timing for 1ms TTI operation will be n+3 and this should therefore be the baseline.
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 easily change 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 1
Specify the same maximum TA reduction for both short TTI operation and 1ms TTI operation with reduced processing time.

In RAN1#86 there was a proposal to scale the maximum TA according to TTI length. This makes sense from an overhead perspective – the fraction of TA in the processing time is constant, allowing for linear scaling. However, it may instead cause restrictions on scheduling. For example, a UE served by a 1ms or slot-length TTI may not be able to switch to 2-symbol TTI and get latency gains if its TA exceeds the limit set for 2-symbol TTI. This means that it will be harder to adapt to traffic needs. In addition, reducing maximum TA by a factor 7 for 2-symbol TTI will strongly restrict the usage of short TTI in remote radio heads based deployments.
Observation 2
Maximum TA scaled with TTI length leads to scheduling restrictions, less adaptability to traffic needs, and restricts the deployment of short TTI.

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 n+3 timing as well as sTTI operation. This level should also be sufficient to support most RRH deployments. 
Proposal 2
Specify a maximum TA of 0.33ms that is applicable in case of sTTI transmission on a carrier.
2.2 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.

We start from the recently agreed processing for n+3 timing as baseline for shortening of TTI. This is reasonable since the same hardware can be assumed for both features. With n+3 timing 2TTI, or 28os, can be used for processing in the UE. From this 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 choose the proposed level of 0.33ms for both n+3 and short TTI operation, corresponding to 5os. Scaling the scalable part according to the number of data symbols compared to legacy we then find the required processing delay in OFDM symbols. 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.
As one example, consider a non-scalable part of 4os and half TA (5os) for the 2-symbol DL TTI. The scalable time used for processing 28-10-4=14os is scaled according to number of data symbols, 14/7=2os. The total required processing is then equal to scalable plus non-scalable delay plus reduced TA, 2+4+5=11os.

Assuming that the intermediate level is a reasonable choice for the required DL data to HARQ timing, it would lead to 11os processing for 2os TTI, and 16os processing for 7os TTI. 
Table 1. Processing delay in the UE for DL data to HARQ for different contributions of non-scalable processing and TA. The baseline is n+3 timing with 0.33ms TA.
	Non-scalable part
	TTI length
	Half TA (0.33ms, i.e. ~5os)

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

	
	7os
	15os = 3 TTI

	4os (intermediate)
	2os
	11os = 6 TTI

	
	7os
	16os = 3 TTI

	7os (high)
	2os
	14os = 7 TTI

	
	7os
	18os = 3 TTI


Observation 3
With reasonable assumptions the DL data to DL HARQ processing scaled to TTI length leads to

· 11os processing for 2-symbol DL TTI

· 16os processing for 7-symbol DL TTI.
For the UL grant to data the processing (Turbo encoding) can likely be done faster, and in this case the low non-scalable level is a reasonable choice. The scaled processing for UL data delays are given in Table 2. 
As one example, consider a non-scalable part of 1os and half TA (5os) for the 2-symbol UL TTI with 2 data symbols. The scalable time used for processing 28-10-1=17os is scaled according to number of data symbols, 17/6=3os. The total required processing is then equal to scalable plus non-scalable delay plus reduced TA, 3+1+5=9os.

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 processing for UL grant to data would then be 9os for 2os TTI, and 11os for 4os TTI, and 15os for 7os TTI.

Table 2. Processing delay in the UE for UL grant to data for different contributions of non-scalable processing and TA. The baseline is n+3 timing with 0.33ms TA.
	Non-scalable part
	TTI length
	Half TA (0.33ms, i.e. ~5os)

	1os (low)
	2os – 1 data symbol
	8os = 4 TTI

	
	2os – 2 data symbols
	9os = 5 TTI

	
	4os
	11os = 3 TTI

	
	7os
	15os = 3 TTI

	4os (intermediate)
	2os – 1 data symbol
	11os = 6 TTI

	
	2os – 2 data symbols
	12os = 6 TTI

	
	4os
	13os = 4 TTI

	
	7os
	16os = 3 TTI

	7os (high)
	2os – 1 data symbol
	13os = 7 TTI

	
	2os – 2 data symbols
	14os = 7 TTI

	
	4os
	15os = 4 TTI

	
	7os
	18os = 3 TTI


Observation 4
With reasonable assumptions the UL grant to UL data processing scaled to TTI length leads to
· 9os processing for 2-symbol UL TTI

· 11os processing for 4-symbol UL TTI

· 15os processing for 7-symbol UL TTI 

Based on the above observations, it can be seen that a timing of n+6 would be required for the UL grant to UL data processing in case of 2-symbol TTI. For DL data to DL HARQ the same timing is possible with some improvements of processing. For the longer TTI lengths fewer TTI are required, allowing n+4 timing.

The above calculation considers that an implementation uses up the entire legacy processing time of 2TTI to reach a timing of n+3. In reality most implementations have a margin and would not use up the entire 2ms processing time, which means that the scalable delay would be shorter than what is calculated above. 
Overall, a n+6 timing appears feasible for the shortest TTI length. It has the attractive property that the HARQ feedback for all sPDSCH of a subframe are sent in the subsequent subframe, and that UL grants can be sent in the subframe preceding the UL data. 
Observation 5
If UE timing is n+6 for 2-symbol TTI the DL HARQ and UL data can be sent in the subsequent subframe.
Proposal 3
The UE timing for DL data to DL HARQ (based on DL TTI) and UL grant to UL data (based on UL TTI) is
· n+6 for 2-symbol TTI

· n+4 for 4-symbol and 7-symbol TTI.
Figure 1 shows the system-level performance of short TTI in downlink traffic (see system simulation parameters in section 5). The performance of 2-symbol TTI with HARQ timing n+6 and 7-symbol TTI with HARQ timing n+4 are compared to 1 ms TTI with legacy HARQ timing (i.e. n+4) and n+3. The results show still the most significant improvement of the user performance for the shortest TTI length with the feasible HARQ timing of n+6. 
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Figure 1 System-level throughput performance for FTP downloads of 100 kB file size
2.2.1 HARQ processes

The equivalent assumptions on processing time in eNB for encoding and decoding data leads to an expected HARQ RTT of 12 TTI for 2-symbol DL/UL TTI, and 8 TTI for 7-symbol DL/UL 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. This would imply 4bits for the HARQ process indication.
Proposal 4
The number of HARQ processes should be increased to 16 for short TTI operation for FS1.
2.2.2 Inhomogeneous TTI lengths 

The 2-symbol TTI patterns for UL [3] and DL [4] will likely consist of an alternating TTI length of 2 and 3 symbols. This is important for several reasons: to avoid mapping TTIs over the slot border, to adjust for variable PDCCH length, to avoid CSI-RS mapping over TTI border, etc. Also in the 7-symbol DL case the first and second TTI will be of different length due to the same reasons. It is important to have a uniform UL timing also in the case of inhomogeneous TTI length. If not, the order of grants and HARQ feedback may be non-sequential and the timing pattern therefore becomes unnecessarily complicated. Therefore, we propose to use the same timing for 2 and 3 symbols TTI. Similarly, we propose to use the same timing for 4, 5, 6, and 7 symbols DL TTI. These timings should be based on the agreed value for 2-symbol TTI and for the slot TTI, respectively.
Proposal 5

Use n+6 timing based on 2 symbols TTI for 2 and 3 symbols UL and DL TTI.

Proposal 6

Use n+4 timing based on slot TTI for 4, 5, and 6 symbols DL TTI.

3 Conclusion

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

Observation 2
Maximum TA scaled to TTI length leads to scheduling restrictions, less adaptability to traffic needs, and restricts the deployment of short TTI.
Observation 3
With reasonable assumptions the DL data to DL HARQ processing scaled to TTI length leads to

· 11os processing for 2-symbol DL TTI

· 16os processing for 7-symbol DL TTI.
Observation 4
With reasonable assumptions the UL grant to UL data processing scaled to TTI length leads to
· 9os processing for 2-symbol UL TTI

· 11os processing for 4-symbol UL TTI

· 15os processing for 7-symbol UL TTI.
Observation 5
If UE timing is n+6 for 2-symbol TTI the DL HARQ and UL data can be sent in the subsequent subframe.
Based on the discussion in section 2 we propose the following:
Proposal 1
Specify the same maximum TA reduction for both short TTI operation and 1ms TTI operation with reduced processing time.

Proposal 2
Specify a maximum TA of 0.33ms that is applicable in case of sTTI transmission on a carrier

Proposal 3
The UE timing for DL data to DL HARQ (based on DL TTI) and UL grant to UL data (based on UL TTI) is

· n+6 for 2-symbol TTI

· n+4 for 4-symbol and 7-symbol TTI.
Proposal 4
The number of HARQ processes should be increased to 16 for short TTI operation for FS1.
Proposal 5

Use n+6 timing based on 2 symbols TTI for 2 and 3 symbols UL and DL TTI.

Proposal 6

Use n+4 timing based on slot TTI for 4, 5, and 6 symbols DL TTI.

4 References

[1] RP-161299, New Work Item on shortened TTI and processing time for LTE, Ericsson, RAN#72, June 2016. 
[2] TR36.881v1.0.0, Study on latency reduction techniques for LTE
[3] R1-1611508, On UL sTTI layout, Ericsson, RAN1#87, November 2016.
[4] R1-1611507, On DL sTTI layout, Ericsson, RAN1#87, November 2016.

5 Annex

5.1 System-level simulations

5.1.1 Scenario parameters

	Parameter
	Value

	Number of sites, sectors per site
	7, 3

	Inter-site distance
	500m

	UE dropping
	Random uniform, 80% indoor

	UE speed.
	0 (no mobility)

	UE Multipath speed
	3 km/h 

	Frequency, duplex
	2 GHz, FDD

	Bandwidth
	10 MHz

	TX power
	46 dBm (eNB), 0.25 dBm (UE)

	Antenna heights
	25m (eNB), 1.5m (UE)

	N TX antennas x M RX antennas
	2x2 (eNB), 1x2 (UE)

	MIMO
	2x2 (DL), 1x2 (UL)

	Antenna pattern
	3GPP TR36.819

	Noise figure
	5dB (eNB), 9dB (UE)

	FTP download file size
	100kB

	FTP model
	1

	Fast Fading Model
	ITU Uma TR36.819

	Pathloss Model
	ITU Uma TR36.814

	TCP Configuration
	Slow Start: Exponential default

Congestion Avoidance: Reno

Initial Window Size: 3

Slow Start Restart: 1s

TCP congestion window increase during slowstart: according to RFC2581, unless otherwise mentioned


5.1.2 System parameters

	Parameter
	Value

	Number of PDCCH symbols
	2

	CQI report delay/periodicity
	6ms/5ms

	Link adaptation
	According to TBS selection from Section 2.1.1;
Outer-loop correction (Target BLER 10%)

	Core, transport, and internet delay
	10ms

	RLC AM max ReTX threshold
	32

	Scheduler algorithm
	Proportional fair

	UL access
	SR-based

	UL retransmissions
	Non-adaptive


	Parameter
	14 symbols TTI (n+4)
	14 symbols TTI (n+3)
	7 symbols TTI (n+4)
	2 symbols TTI (n+6)

	PUCCH TTI
	14 symbols
	14 symbols
	7 symbols
	2 symbols

	UL grant to data delay
	4ms / 4 TTI
	3ms / 3 TTI
	2ms / 4 TTI
	0.85ms / 6 TTI

	SR to UL grant delay
	4ms / 4 TTI
	3ms / 3 TTI
	2ms / 4 TTI
	0.85ms / 6 TTI

	UL HARQ delay
	4ms / 4 TTI
	3ms / 3 TTI
	2ms / 4 TTI
	0.85ms / 6 TTI

	DL HARQ delay
	4ms / 4 TTI
	3ms / 3 TTI
	2ms / 4 TTI
	0.85ms / 6 TTI

	DL HARQ to reTx delay
	4ms / 4 TTI
	3ms / 3 TTI
	2ms / 4 TTI
	0.85ms / 6 TTI

	DL sTTI band minimum size
	1 PRB
	1 PRB
	12 PRB
	12 PRB

	UL sTTI band minimum size
	1 PRB
	1 PRB
	10 PRB
	10 PRB
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