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1 Introduction

In RAN#72 the new WI on short TTI and reduced processing [1] was agreed with the (selected) objectives of supporting a slot-based TTI for FS2 and a TTI length of 2 symbols, 4 symbols (for sPUSCH/sPUCCH only) and 1 slot for FS1. In RAN1#86, the following agreement was made:
· For frame structure type 1, the following principles on short TTI length shall be supported:
· The length of sPUCCH is the same or longer than the length of the DL sTTI carrying the associated sPDSCH
· The length of sPUSCH is the same or longer than the length of the DL sTTI carrying the associated UL grant
· The TTI length of sPUSCH is the same as that of sPUCCH in a given subframe for one UE
FFS on specific TTI length combinations between DL and UL including possible down-selection of combinations
In this paper we discuss how different TTI lengths can be supported in LTE and what the implications on HARQ and grant timing are.
2 Discussion

2.1 DL subframes
In the DL we here layout the short TTI in a subframe for two different lengths: 2os and 7os. To simplify the definition of UL grant timing and DL HARQ timing, and also to let the UE know when to search for sPDCCH, we propose that the DL TTIs have fixed starting positions and that the length of the first DL TTI, and in some cases the number of DL TTIs, varies depending on the number of symbols used for PDCCHFigure 1, see . Since the longest PDCCH length of 4 OFDM symbols is intended for narrowband operation, we propose it is not used for short TTI operation, since the control overhead may become too large.

Proposal 1
Aim at that a DL TTI length corresponds to fixed starting symbols of TTIs in PDSCH.

Proposal 2
PDCCH length of 4 should not be supported for short TTI operation.

The eNB is not expected to change the DL TTI length on a fast timescale, and therefore it is suitable to have the DL TTI length either RRC configured, or indicated in a common slow grant PDCCH. Here, it should be considered that RRC configuration allows for UE-individual TTI lengths, while the slow grant will indicate one common length.

Proposal 3
The DL TTI length is indicated over RRC or in a slow grant in PDCCH.

When defining the positions of a 2-symbol DL sTTI within the subframe, the CSI-RS pattern should be considered so that a CSI-RS pair in time domain does not overlap two consecutive DL TTIs but is contained in a single sTTI. This enables to combine the sTTI feature with CSI-RS based transmission modes, especially to obtain accurate interference measurement with CSI-IM.
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Figure 1. TTIs in DL subframe for different TTI lengths and PDCCH lengths. R and C denote a OFDM symbol with CRS and potential CSI-RS, respectively.
Proposal 4
sTTI position is designed so that it does not partly overlap with potential CSI-RS resources.
The timing for transmitting DL HARQ in UL needs to be well defined and should not be indicated to the UE in the DL assignment. To keep the payload of each sPUCCH low the DL HARQ should be distributed over the UL subframe, which may depend on the length of sPUCCH. Also multiplexing capabilities should be considered. We propose a fixed mapping from DL TTI to sPUCCH for a certain DL TTI and sPUCCH combination.
Proposal 5
The DL HARQ timing pattern is fixed for a combination of DL and UL TTI for sPUCCH.

2.2 UL subframes
2.2.1 sPUSCH

For sPUSCH a certain TTI length may correspond to different TTI configurations depending on if the DMRS are shared or not [3]. In Figure 2 we show two patterns for a TTI length of 2/3os, as well as patterns for 4, and 7os with and without SRS in the last symbol. For any of the given 4 patterns the TTIs have fixed starting positions, and are placed such that the TTIs do not cross the slot-border. This way, slot-based frequency hopping is possible. The UL TTI pattern can be indicated with 2 bits in the UL DCI for sTTI.
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Figure 2. TTIs for sPUSCH in UL subframe for one realization of the different options of TTI lengths, where R denotes reference symbol and S SRS position (if scheduled).
Observation 1
Different UL TTI patterns can be defined for an UL TTI length.

Proposal 6
Aim at that an UL TTI configuration corresponds to fixed starting symbols of TTIs in PUSCH.

Proposal 7
Uplink sTTI transmission is not mapped across slot-boundary.
Proposal 8
The sPUSCH TTI pattern is indicated with 2 bits in the UL DCI for sTTI.
The UL grant for the UL sTTI should be transmitted in the sPDCCH inside the DL sTTI. The number of TTIs in DL can be fewer in some configurations. For example, only 5 DL TTIs are included within one sub-frame, see Figure 1, for an sPDCCH of 3 symbols and DL TTIs of 2 symbols. According to Figure 2, we can have up to 8 TTIs in an UL sub-frame. We will thus need a possibility to send at least 2 UL grants within one DL sTTI. Each UL grant should then specify which of two possible UL TTIs that is granted, if not implicit from location.
Proposal 9

The time from UL grant to sPUSCH transmission is based on a combination of sPDCCH timing and configuration in UL grant.
2.2.2 sPUCCH
The pattern of sPUCCH TTI [4] should be adapted to that of sPUSCH, see Figure 3. For the shortest DL TTI of 2 symbols, the sPUCCH should be equally long as the DL TTI to provide the shortest delay and to avoid multiplexing or bundling HARQ. This also allows for a simple 1-1 mapping between a DL TTI and the sPUCCH in which HARQ feedback is transmitted. More than 6 sPUCCH per subframe is not required since this is the maximum number of DL sTTI in a subframe. The sPUCCH start and stop should be aligned to the sPUSCH of Figure 2. This is to avoid overlapping sPUCCH/sPUSCH transmissions from a UE. Different patterns should be used if the subframe contains SRS.
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Figure 3. Different TTIs patterns for sPUCCH. For 4os and 7os TTI frequency hopping between F1 and F2 is possible. S denotes symbol with SRS, and orange denotes symbol shared between users.
Two sPUCCH concepts are described in [4]: a short and a long sPUCCH. In addition to the shorter sPUCCH solution described above, a longer sPUCCH is needed for improved coverage. For TDD operation, and for CA support, also higher payloads are required. A 7-symbol sPUCCH based on PF3 or PF4 would fulfill the requirements on improved coverage and increased payload [4][5]. Also a 4-symbol sPUCCH should be specified if a 4-symbol sPUSCH is specified, since it is much easier if the TTI of PUSCH and PUCCH is the same, as discussed below. Also the coverage can be improved compared to the 2-symbol sPUCCH [5].
Proposal 10
Define sPUCCH of 2/3 symbols TTI, to support SR and HARQ-ACK, and sPUCCH of 4 and 7 symbols for improved coverage and increased payload.

2.3 TTI length combinations
In RAN1#86 a few agreements were made regarding the TTI length combinations in DL and UL, see section 1 for the exact formulation. In short, it was agreed that the UL TTI length for sPUSCH and sPUCCH cannot be shorter than DL TTI length. It was also agreed that for a given UE the TTI length for sPUSCH and sPUCCH are equal.  With the same length of sPUCCH and sPUSCH, UCI mapping on sPUSCH becomes easier if also the start of the sPUCCH and sPUSCH are aligned. If the start of sPUCCH and sPUSCH are not aligned, a rule is needed to move UCI to sPUSCH when they overlap.
Proposal 11
The start of sPUSCH and sPUCCH TTIs are aligned.

With the TTI lengths discussed above the most relevant TTI combinations to consider are those listed in Table 1. Case 0 ensures the lowest latency in both DL and UL. For UEs having coverage issue in UL or a high sPUCCH payload due to DL carrier aggregation for instance, a longer sPUCCH is recommended as shown in the link level results during the study item [6]. Both case 1 and case 2 in table 1 address this situation. It should be noted that link level results in [6] highlighted that 1-slot PUCCH offers better user multiplexing capabilities while requiring lower SNR for a given payload. This is further discussed in [4]. So, case 2 should be prioritized over case 1 if a down-selection is to be made. But in principle, both case 1 and case 2 can be supported and if so, it should be up to the network to select between case 1 and case 2 to address the situation of a UE in poor UL coverage or high HARQ payload.
Proposal 12
Four combinations of TTI lengths should be available for short TTI operation: sPDSCH/sPUSCH/sPUCCH lengths 2/2/2, 2/4/4, 2/7/7, and 7/7/7 symbols.

Table 1. Relevant short TTI combinations to consider. 
	Case
	sPDSCH/sPDCCH TTI
	sPUSCH TTI
	sPUCCH TTI
	Use case

	0
	2os
	2os
	2os
	Lowest latency

	1
	2os
	4os
	4os
	Lowest DL latency, low UL latency

	2
	2os
	7os
	7os
	Lowest DL latency with improved UL coverage and reduced UL latency

	3
	7os
	7os
	7os
	Reduced latency


Having a longer sPUCCH than sPDSCH has some impact in terms of latency gains. Figure 4 shows system-level simulations where the UL TTI length can be longer than the DL TTI length (see system simulation parameters in section 5). It can be observed that 2-symbol TTI in DL with a 4-symbol or a slot long TTI in UL is beneficial over a slot-length TTI for both DL and UL. In fact, with a target BLER of 10%, 90% of the 2-symbol long sPDSCH are received successfully and the decoded packet can be forwarded to higher layers without further delay. So, for UEs in coverage issue or with high DL HARQ payload a 4-symbol PUCCH and 1-slot PUCCH are valid options to support.
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Figure 4. System-level simulation throughput results for FTP download for different choices of sPUCCH length, assuming equal BLER for the different options. 
2.3.1 Switching between sTTI cases
It should be possible to change sTTI case (as described above) between subframes, and also to move individual users from one case to another. As an example we consider all users starting in sTTI case 0. This can be indicated over RRC as lowest latency normal operation. A user who loses UL coverage is then identified by the network and is moved to case 1 or 2 (indicated with fast DCI). By the use of split allocations, it is possible to serve users with different TTI lengths in the same sTTI band. It should be noted that when moving users from one case to another, the delay before the changed UL sTTI length is valid needs to be defined.
Proposal 13

It should be possible to individually move users between sTTI cases through indication in RRC for DL and sPDCCH for UL.

Proposal 14

It should be possible to run different cases for different UEs simultaneously in UL and DL.

3 Conclusion

In section 2 we made the following observations:
Observation 1
Different UL TTI patterns can be defined for an UL TTI length.

Based on the discussion in section 2 we propose the following: 
Proposal 1
Aim at that a DL TTI length corresponds to fixed starting symbols of TTIs in PDSCH.

Proposal 2
PDCCH length of 4 should not be supported for short TTI operation.

Proposal 3
The DL TTI length is indicated over RRC or in a slow grant in PDCCH.

Proposal 4
sTTI position is designed so that it does not partly overlap with potential CSI-RS resources.
Proposal 5
The DL HARQ timing pattern is fixed for a combination of DL and UL TTI for sPUCCH.

Proposal 6
Aim at that an UL TTI configuration corresponds to fixed starting symbols of TTIs in PUSCH.

Proposal 7
Uplink sTTI transmission is not mapped across slot-boundary.
Proposal 8
The sPUSCH TTI pattern is indicated with 2 bits in the UL DCI for sTTI.


Proposal 9

The time from UL grant to sPUSCH transmission is based on a combination of sPDCCH timing and configuration in UL grant.
Proposal 10
Define sPUCCH of 2/3 symbols TTI, to support SR and HARQ-ACK, and sPUCCH of 4 and 7 symbols for improved coverage and increased payload.

Proposal 11
The start of sPUSCH and sPUCCH TTIs are aligned.

Proposal 12
Four combinations of TTI lengths should be available for short TTI operation: sPDSCH/sPUSCH/sPUCCH lengths 2/2/2, 2/4/4, 2/7/7, and 7/7/7 symbols.

Proposal 13

It should be possible to individually move users between sTTI cases through indication in RRC for DL and sPDCCH for UL.

Proposal 14

It should be possible to run different cases for different UEs simultaneously in UL and DL.
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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
	7 symbols TTI DL/UL
	2 symbols TTI DL – 7 symbols TTI UL
	2 symbols TTI DL – 4 symbols TTI UL
	2 symbols TTI DL/UL

	PUCCH TTI
	7 symbols
	7 symbols
	4 symbols
	2 symbols

	UL grant to data delay
	2ms / 4 DL TTI
	5/7ms / 5 DL TTI
	5/7ms / 5 DL TTI
	5/7ms / 5 DL TTI

	SR to UL grant delay
	2ms / 4 UL TTI
	2ms / 4 UL TTI
	8/7ms / 4 UL TTI
	5/7ms / 5 UL TTI

	UL HARQ delay
	2ms / 4 UL TTI
	2ms / 4 UL TTI
	8/7ms / 4 UL TTI
	5/7ms / 5 UL TTI

	DL HARQ delay
	2ms / 4 DL TTI
	5/7ms / 5 DL TTI
	5/7ms / 5 DL TTI
	5/7ms / 5 DL TTI

	DL HARQ to reTx delay
	2ms / 4 UL TTI
	2ms / 4 UL TTI
	8/7ms / 4 UL TTI
	5/7ms / 5 UL TTI

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

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