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[bookmark: _Ref298777854]Introduction
In this contribution, we provide our views on the DCI (Downlink Control Information) for uplink transmissions with short TTIs. We discuss the scheduling mechanism for PUSCH with shortened TTI [1][2][3] to be able to leverage the benefit of reduced TTI as compared to the legacy TTI of 1 ms. 
Discussion
Background
The uplink grant is transmitted to the UE with (e)PDCCH using DCI format 0 or 4, for legacy PUSCH. In order to harvest the benefits of reduced latency by shortening the TTIs in uplink, fast scheduling at the shortened TTIs should be enabled [1]. In the following we discuss one tentative solution for UL DCI, providing fast scheduling.

Uplink grant
[bookmark: _Ref441562068]Dynamic length of TTI
The UEs will in most cases have different amount of data in their buffers when transmitting sPUSCH with shortened TTI. By allowing flexibility in the number of data symbols of the TTI of sPUSCH, an adaptation can be done for each sPUSCH with short TTI to the amount of payload that needs to be transmitted. 

1. [bookmark: _Toc441564653][bookmark: _Toc441576275][bookmark: _Toc441576442][bookmark: _Toc441576544][bookmark: _Toc441745291][bookmark: _Toc441745483][bookmark: _Toc442180739][bookmark: _Toc442183355][bookmark: _Toc442367683][bookmark: _Toc442367699][bookmark: _Toc442441618][bookmark: _Toc442441680][bookmark: _Toc442441815][bookmark: _Toc442442119]Introduce a dynamic length of the number of symbols of PUSCH with shortened TTI.

[bookmark: _Ref441562060]Asynchronous 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 [3]. 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. [bookmark: _Toc441745292][bookmark: _Toc441745484][bookmark: _Toc442180740][bookmark: _Toc442183356][bookmark: _Toc442367684][bookmark: _Toc442367700][bookmark: _Toc442441619][bookmark: _Toc442441681][bookmark: _Toc442441816][bookmark: _Toc442442120]Recommend that asynchronous HARQ for PUSCH is used when operating with shortened TTI.
1. [bookmark: _Toc441745293][bookmark: _Toc441745485][bookmark: _Toc442180741][bookmark: _Toc442183357][bookmark: _Toc442367685][bookmark: _Toc442367701][bookmark: _Toc442441620][bookmark: _Toc442441682][bookmark: _Toc442441817][bookmark: _Toc442442121]Asynchronous HARQ design follows the recommendations within the LAA TR 36.889.
 
Short PHICH
A retransmission in uplink can be triggered by the NDI (New Data Indicator) in the uplink DCI. If the UE do not get a new UL grant it will consider the transmission as successfully decoded by eNodeB. However, the retransmission procedure needs to be further analysed when the UE transmits with Instant Uplink Access (IUA) [2]. Within IUA the eNodeB needs to detect if the UE transmits in the IUA grant. When the eNodeB does not detect a UE transmission, it will not send an UL DCI with request for retransmission and the UE will wrongly consider the transmission as successful. Thus the UE cannot interpret the non-detection of an UL DCI as ACK, since the eNodeB may have missed the transmission altogether. A solution to this is to transmit ACK over PHICH when the eNodeB has successfully decoded the data. A short PHICH channel, consisting of one legacy REG, could be spread out in the DL sTTI band with a period of 2 symbols. By properly assigning the PHICH sequence index the HARQ bit can point back in time to the UL symbol index that was the start of the transmission in question, thereby supporting asynchronous HARQ.

[bookmark: _Toc442180736][bookmark: _Toc442183362][bookmark: _Toc442367696][bookmark: _Toc442441615][bookmark: _Toc442441677][bookmark: _Toc442441812][bookmark: _Toc442442116]A short PHICH with one REG with a period of 2 symbols could be set up to support asynchronous HARQ, and specifically Fast UL access.

Timing between UL grant and transmission
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 [7]. 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
2. 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 [4]. 
Preparation and transmitting of PUSCH should scale almost linearly with the length of the TTI [7], 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 section 2.2.5.2, an additional delay may be included in the fast DCI.

1. [bookmark: _Toc441564654][bookmark: _Toc441576276][bookmark: _Toc441576443][bookmark: _Toc441576545][bookmark: _Toc441745294][bookmark: _Toc441745486][bookmark: _Toc442180742][bookmark: _Toc442183358][bookmark: _Toc442367686][bookmark: _Toc442367702][bookmark: _Toc442441621][bookmark: _Toc442441683][bookmark: _Toc442441818][bookmark: _Toc442442122]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



Uplink DCI formats
Two DCI formats are described below. The first is intended to be transmitted in a non-UE specific manner and to be valid for one sub-frame. This DCI format is thus transmitted on a slow rate and is described in section 2.2.5.1. We refer to this first DCI format as a slow DCI. The second DCI format is UE specific and transmitted for each short TTI. This second DCI format is thus transmitted on a fast rate and is described in section 2.2.5.2. We refer to this second DCI format as a fast DCI. See also [5] which include a description of a similar construction of the DL grants.
The reason for having two DCI formats is to reduce overhead by the scheduling information within control channels by transmitting as little information as necessary in the fast DCI. This is important since the fast DCI can be transmitted multiple times per sub-frame.

1. [bookmark: _Toc441576277][bookmark: _Toc441576444][bookmark: _Toc441576546][bookmark: _Toc441745295][bookmark: _Toc441745487][bookmark: _Toc442180743][bookmark: _Toc442183359][bookmark: _Toc442367687][bookmark: _Toc442367703][bookmark: _Toc442441622][bookmark: _Toc442441684][bookmark: _Toc442441819][bookmark: _Toc442442123]Introduce two new DCI formats: one non-UE specific DCI format valid for one sub-frame and one UE specific DCI format valid for one TTI.

[bookmark: _Ref441494354][bookmark: _Ref441563374]Slow DCI (Non-UE specific and sub-frame specific grants)
The frequency allocation for legacy PUSCH is fixed for each sub-frame. This might lead to a low resource utilization, with the introduction of short TTIs, if the number of allocated sub-carriers is not constant for all short TTIs within a sub-frame.
Instead, the frequency allocation of sPUSCH should be fixed within each sub-frame as illustrated in Figure 1. Here, all sPUSCH transmissions (index 1 to 5) within a sub-frame have the same frequency allocation, the UL sTTI band. The frequency allocations for legacy PUSCH (with index A to D) are located outside the short TTI bandwidth allocation. 

[bookmark: _Toc441564652][bookmark: _Toc441576273][bookmark: _Toc441576440][bookmark: _Toc441745298][bookmark: _Toc441745481][bookmark: _Toc442180737][bookmark: _Toc442183363][bookmark: _Toc442367697][bookmark: _Toc442441616][bookmark: _Toc442441678][bookmark: _Toc442441813][bookmark: _Toc442442117]The UL resource utilization may be improved if several sPUSCH within one sub-frame have the same frequency allocation.

A frequency allocation grant should be considered, which is common for several UEs transmitting sPUSCH within a sub-frame. This common grant would reduce the downlink signalling overhead, since the frequency allocation grant does not have to be included in each UE specific grant for sPUSCH. 

1. [bookmark: _Toc441564655][bookmark: _Toc441576278][bookmark: _Toc441576445][bookmark: _Toc441576547][bookmark: _Toc441745296][bookmark: _Toc441745488][bookmark: _Toc442180744][bookmark: _Toc442183360][bookmark: _Toc442367688][bookmark: _Toc442367704][bookmark: _Toc442441623][bookmark: _Toc442441685][bookmark: _Toc442441820][bookmark: _Toc442442124]Introduce a frequency allocation grant which is common for several sPUSCH transmissions within each sub-frame. 



[bookmark: _Ref433784423]Figure 1. Frequency allocations of sPUSCH which is fixed within a sub-frame.
This slow DCI carrying the frequency allocations for all sPUSCH within a sub-frame can be transmitted within legacy PDCCH. Here, the frequency allocation should be constant for at least one sub-frame. A delay of 4 sub-frames is used for legacy DCI formats such that the scheduler in eNodeB needs to take the decision of reserving frequency intervals for short TTIs at least 4 sub-frames in advance. Therefore the slow DCI can also be transmitted with a delay of 4 sub-frames also or less. The slow DCI can for example be valid in the sub-frame after it is transmitted, see illustration in Figure 2. 

[bookmark: _Toc441576274][bookmark: _Toc441576441][bookmark: _Toc441745299][bookmark: _Toc441745482][bookmark: _Toc442180738][bookmark: _Toc442183364][bookmark: _Toc442367698][bookmark: _Toc442441617][bookmark: _Toc442441679][bookmark: _Toc442441814][bookmark: _Toc442442118]The frequency allocation grant for short TTIs can be valid in the sub-frame after it is received.

The slow DCI should be addressed to multiple UEs since the frequency allocation for sPUSCH transmissions, the UL sTTI band, is common for several sPUSCH transmissions. This can e.g. be achieved with a common RNTI for this slow DCI in a common search space, where the slow DCI for UL and DL are separated.
In order to have flexibility in terms of bandwidth, several UL sTTI bands might be specified with separate slow DCIs. Here, a short TTI band identifier index is needed both in the slow UL grant and in the fast UL grant.
Subframe
DL
UL
sPDSCH
PDCCH
sPUSCH with new slow grant
Slow UL DCI
sPUSCH with old slow grant
Fast UL DCI

[bookmark: _Ref441560722]Figure 2. Delay between UL grants and symbols where the grants are used.
Examples of bit fields to be included in the slow DCI are given in [6]. 
[bookmark: _Ref441494341][bookmark: _Ref441563272]Fast DCI (UE and TTI specific grants)
The grant for each sPUSCH transmission must be UE specific. As discussed in [5], this fast UL DCI is transmitted in DL within the frequency allocation for DL short TTIs, the DL sTTI band. A new DL control channel, sPDCCH, with a TTI of 1 OFDM symbol is used for this purpose [4] such that an UL grant for short TTI can be transmitted in every OFDM symbol except those first OFDM symbols in each sub-frame allocated to PDCCH.
This new DCI might be based on current DCI format 4 in order to support high spectral efficiency with multiple antennas. Recall that the resource allocation for sPUSCH is given by the slow DCI as discussed in the previous section. Thus, the fast DCI does not contain the resource allocation field. In addition to the bit fields included in DCI format 4, the following additional fields should be supported:
· Length of short TTI, see section 2.2.1 
· HARQ process numbers, see section 2.2.2 
· Dynamic delay from grant to sPUSCH, see below
See example in [6], where a summary of possible bit fields are listed for an UE specific uplink grant.

1. [bookmark: _Toc441576548][bookmark: _Toc441745297][bookmark: _Toc441745489][bookmark: _Toc442180745][bookmark: _Toc442183361][bookmark: _Toc442367689][bookmark: _Toc442367705][bookmark: _Toc442441624][bookmark: _Toc442441686][bookmark: _Toc442441821][bookmark: _Toc442442125]Introduce an UL grant based on DCI format 4, with additional fields for length of TTI, HARQ process number and dynamic delay from grant to transmission 

A dynamic delay from grant to sPUSCH is needed in order to specify when a fast UL grant is valid. This offset is used in addition to the fixed delay as discussed in section 2.2.5.1. The reason for including such an offset of the delay is to be able to start a PUSCH with short TTI in any SC-FDMA symbol within a subframe, see illustration in Figure 3, such that all UL symbols can be used. The fast UL DCI is proposed to only be transmitted in OFDM symbols not allocated to PDCCH. A bit field for this dynamic delay is described in [6].
sPDSCH
PDCCH
PUSCH with new slow grant
Slow UL DCI
PUSCH with old slow grant
Fast UL DCI
Subframe
DL
UL

[bookmark: _Ref441564533]Figure 3. Delay between fast UL DCI and PUSCH transmissions with short TTI 
Conclusion
In this contribution we discussed our views on the uplink DCI format for short TTIs in uplink transmissions. The above discussion is summarized with the following observations and proposals:
Observation 1	A short PHICH with one REG with a period of 2 symbols could be set up to support asynchronous HARQ, and specifically Fast UL access.
Observation 2	The UL resource utilization may be improved if several sPUSCH within one sub-frame have the same frequency allocation.
Observation 3	The frequency allocation grant for short TTIs can be valid in the sub-frame after it is received.
Proposal 1	Introduce a dynamic length of the number of symbols of PUSCH with shortened TTI.
Proposal 2	Recommend that asynchronous HARQ for PUSCH is used when operating with shortened TTI.
Proposal 3	Asynchronous HARQ design follows the recommendations within the LAA TR 36.889.
Proposal 4	Specify a fixed delay between UL grant and PUSCH with reduced TTI, for each supported length of the TTI.
Proposal 5	Introduce two new DCI formats: one non-UE specific DCI format valid for one sub-frame and one UE specific DCI format valid for one TTI.
Proposal 6	Introduce a frequency allocation grant which is common for several sPUSCH transmissions within each sub-frame.
Proposal 7	Introduce an UL grant based on DCI format 4, with additional fields for length of TTI, HARQ process number and dynamic delay from grant to transmission
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