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1. [bookmark: _Ref298777854]Introduction
When the TTI length is shortened it is important to also reduce delays associated with the legacy TTI, i.e. the subframe duration. In previous papers on DL [2] and UL [3] processing time reduction, the impact of the different fixed delays were discussed. Here we continue by discussing the signaling and timing of uplink transmissions and impact on HARQ.
1. Discussion
Processing time
As discussed in earlier papers [2] and [3] the processing time determines the possible timing of UL grants and DL HARQ, which both should be specified for short TTI. Here, information on UE capabilities is necessary to get a more complete picture.
1. Input from UE side needed on possibilities to reduce processing time.
Number of HARQ processes
When the HARQ roundtrip time is extended beyond the current LTE level of 8 TTI, there may be need for additional HARQ processes. As mentioned in a previous paper [2], a reduction in half of the processing time can lead to as many as 22 HARQ processes if 2 symbol TTIs are used. A higher reduction in processing will require fewer processes. For signalling and buffering reasons up to 16 processes would be preferable. The HARQ processes for short TTI can be stored in a separate buffer to avoid collisions with legacy processes.
The number of HARQ processes required for a certain TTI length and processing time is shown in Figure 1. As can be seen in the figure, a maximum of 16 HARQ processes requires the processing time to be no more than 1ms, i.e. a third of the legacy value.
1. A higher reduction of processing time leads to fewer required HARQ processes.
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[bookmark: _Ref447198429][bookmark: _Ref447198407]Figure 1. For different TTI length the processing time will lead to different number of required HARQ processes.
Average latency
A calculation of the average RAN latency was done by assuming the same processing time in UE and eNB before and after a transmission, following the methods in [2] and [3], see Figure 2. No queueing effects are included. The same processing time was also assumed for UL grants, DL and UL HARQ, and SR. The UL latency was calculated for SR-based access and a HARQ retransmission rate of 10% was included in the results. As can be seen in the figure, reducing the processing time from the current level of 3ms can lead to significantly lower latency. For instance, targeting 1ms DL latency with a 2 symbol TTI length, requires a reduction of processing time to below 0.5ms, a reduction by a factor of 6 from current level.
1. A high reduction of latency requires a high reduction of processing time.
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[bookmark: _Ref447221654]Figure 2. Latency as a function of processing time for different TTI lengths, including 10% HARQ retransmissions. The current processing time is at 3ms.
The processing time has an impact on the experienced throughput, as shown in system simulation [4]. In these results we see that good gains can be achieved also with slightly longer processing times and higher number of HARQ processes. The best gains are achieved for scaled processing times, i.e. when the processing is reduced with the same factor as the TTI length. This should therefore be the target of processing time reduction.
1. Aim to reduce the processing time with the same factor as the TTI length is reduced.
UL grant timing
The timing between PUCCH with DCI format 0 or 4 to PUSCH is 4 sub-frames according section 8.0 in 3GPP TS 36.213. With the introduction of shorter TTIs for PUSCH, this delay from UL grant to UL transmissions should be reduced below 4 sub-frames [1]. Here, the delay can be divided into two components:
1. Receiving DL control channel with grant i.e. channel estimation, demodulation, channel decoding, CRC check and extracting DCI bits for UL grant
1. Preparing and transmitting PUSCH with reduced TTI i.e. turbo encoding, modulation, SC-FDMA symbol generation, adding CP and transmitting
Here, receiving and decoding the UL grant requires a processing time which is independent of the length of the TTI for PUSCH with fixed number of DCI bits, size of search space, convolution coding etc. A proposal for construction of DL control channel for these UL DCI is given in [2].
Preparation and transmitting of PUSCH should scale almost linearly with the length of the TTI [1], except some minor fixed processing cost. For example, the size of the transport block should scale with the length of the TTI such that the processing time of channel coding scales linearly with the length of the TTI.
For short TTIs, the decoding of the UL grant might dominate the total processing time while the preparation of PUSCH transmission will dominate for longer TTIs. The total length between UL grant and PUSCH transmissions should thus depend on the length of the TTI. This processing time should be specified in a table such that the UE knowns when to transmit PUSCH with reduced TTI based upon the UL grant. As discussed in [3] an additional delay may be included in the fast DCI.
TA depends on the distance between UE and eNB. In addition, TA may be used by the eNB to handle CPRI delay. The remaining part of the delay is spent on processing in the UE or eNB. During part of this time the UE or eNB may also be idle, since the response times are fixed in current LTE.
1. To reduce the delay between UL grant reception and UL data transmission, both the processing time at the UE and the timing advance should be reduced.
1. There may be restrictions to reduction in TA.

1. [bookmark: _Toc442442122][bookmark: _Toc442441818][bookmark: _Toc442441683][bookmark: _Toc442441621][bookmark: _Toc442367702][bookmark: _Toc442367686][bookmark: _Toc442183358][bookmark: _Toc442180742][bookmark: _Toc441745486][bookmark: _Toc441745294][bookmark: _Toc441576545][bookmark: _Toc441576443][bookmark: _Toc441576276][bookmark: _Toc441564654]Specify a fixed delay between UL grant and PUSCH with reduced TTI, for each supported length of the TTI.

The required exact processing time will result in a specification of this delay between UL grant and sPUSCH transmission. An example of such specification is given in Table 1, where the fixed delays for shortened TTIs are FFS. 
[bookmark: _Ref441559615]Table 1. Example of specification of delay between UL grant and PUSCH transmissions with short TTI.
	TTI length 
[SC-FDMA symbols]
	Fix 
delay between
first symbol of UL grant 
and first symbol of (s)PUSCH 


	2
	FFS

	3
	FFS

	4
	FFS

	7
	FFS

	14 (1 ms)
	4 ms



DL HARQ timing
Before being able to transmit the HARQ feedback for DL transmission, the UE has first to detect the DL grant and process the DL data transmission. The introduced delay, also includes headroom for timing advance (TA). In current LTE, the delay is specified to 3TTI, since the transmission of HARQ feedback will take 1TTI. But to ensure time-alignment with eNB, the UE must be able to receive the DL grant and the DL data in less than 3ms. To reduce this delay, both the processing time in the UE and the headroom for TA have to be reduced. Shorter values for these delays should be included in specifications.
TA depends on the distance between UE and eNB. In addition, TA may be used by the eNB to handle CPRI delay. The remaining part of the delay is spent on processing in the UE or eNB. During part of this time the UE or eNB may also be idle, since the response times are fixed in current LTE.
1. To reduce the delay between DL data reception and DL HARQ feedback, both the processing time at the UE and the timing advance should be reduced.
1. There may be restrictions to reduction in TA.

1. Shorter values should be specified for the DL data reception to DL HARQ delay when shortened TTI is applied.

Asynchronous UL HARQ
The timing of HARQ feedback in relation to a received Transport Block (TB) on PUSCH depends on the required time for processing of PUSCH and preparation of retransmission grants. Here the processing time depends on the number of SC-FDMA symbols used for PUSCH and the Transport Block Size (TBS). In contrast to this, the preparation of the UL grants do not depend on the length of the TTI of PUSCH but rather on the number of scheduled UEs.
UL HARQ operation is based on synchronous HARQ in current LTE. This implies that the retransmission time is fixed. Even if the HARQ RTT could be set to different values for different TTI lengths, this might be too restrictive for the eNodeB operation.
Even with synchronous operation, HARQ feedback in downlink for the UL TB may not necessarily be done in the same order as the TBs are received in the eNodeB, since the retransmission time may depend on the length of the TTI and TBs can have different lengths of the TTIs [1]. For some cases, two ACK/NACKs might need to be transmitted simultaneously in downlink. Thus synchronous operation can be challenging with shortened TTIs.
When the UE is operating with shortened TTI we therefore propose that asynchronous HARQ operation is applied. The HARQ principles identified in the LAA SI can be the basis for the design, with adjustment done for the needed number of HARQ processes. This number is determined from the estimated UE and eNodeB processing times. For simplicity, the same number of HARQ processes could be assumed for different TTI lengths, with the number chosen from the most stringent case. 
A short HARQ RTT would give the lowest average latency, and can be achieved through short processing times in the eNodeB. If the eNodeB can choose HARQ delay in a flexible way it can use the shortest time when possible. Retransmissions are then scheduled in any UL sTTI by indicating the HARQ process ID (PID) in the UL DCI, similarly as for DL DCI in current LTE. Assuming the current number of HARQ processes is kept (8), this HARQ PID field would require 3 bits in the UL sDCI.
1. Support asynchronous UL HARQ for short TTI transmissions.
1. Summary
In this contribution we discussed timing and processing details for short TTI transmissions, and observed the following:
1. Input from UE side needed on possibilities to reduce processing time.
1. A higher reduction of processing time leads to fewer required HARQ processes.
1. A high reduction of latency requires a high reduction of processing time.
1. To reduce the delay between UL grant reception and UL data transmission, both the processing time at the UE and the timing advance should be reduced.
1. There may be restrictions to reduction in TA.
1. To reduce the delay between DL data reception and DL HARQ feedback, both the processing time at the UE and the timing advance should be reduced.
1. There may be restrictions to reduction in TA.

The following proposals were made:
1. Aim to reduce the processing time with the same factor as the TTI length is reduced.
1. Specify a fixed delay between UL grant and PUSCH with reduced TTI, for each supported length of the TTI.
1. Shorter values should be specified for the DL data reception to DL HARQ delay when shortened TTI is applied.
1. Support asynchronous UL HARQ for short TTI transmissions.
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