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1 Introduction

In the RAN#72 meeting, the Work Item on shortened TTI and processing time for LTE was approved [1]. 

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 

· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 
· Down-selection is not precluded

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In RAN1#85 meeting, it was agreed that
· It is recommended to reduce the maximum TA for short TTI operation with processing time reduction compared to Rel-13

· Details are FFS

· 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
· FFS whether or not to support processing time is lower than the legacy processing time linearly downscaled with TTI length for at least slot based TTI

· k < 4 for slot based TTI. 

· 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

· FFS how to the handle the minimum timing for the case when DL sTTI and UL sTTI have different lengths

· Further study whether or not the eNB would indicate an additional parameter m (Note: the value may be dependent on the discussion on the max TA), resulting in a timing of n + k + m sTTI

· FFS: semi-static or dynamic configuration of m, if introduced

In this contribution, processing time reduction and related procedures for short TTI are discussed, including processing time reduction, DL HARQ timing and UL scheduling timing. 
2 Maximum TA for short TTI
In last meeting, it was agreed to reduce the maximum TA for short TTI compared to Rel-13, but details are still FFS. Table 1 lists the ratio of maximum TA value to candidate TTI length with the cell radius of 5km, 10km, 30km, and 100km respectively, which to some extent shows the impact of TA value. From the results, a maximum TA of 333.3us for 50km coverage should be enough to support short TTI.

Table 1 Ratio of TA to sTTI
	Cell radius / TA
	2 symbols (142.8 us)
	4(3) symbols (0.25 ms)
	7 symbols (0.5 ms)
	14 symbols (1 ms)

	5km / 33.3us
	0.2 sTTI
	0.1 sTTI
	0.06 sTTI
	0.03 sTTI

	10km / 66.7us
	0.5 sTTI
	0.3 sTTI
	0.13 sTTI
	0.06 sTTI

	50km / 333.3us
	2.3 sTTI
	1.3 sTTI
	0.6 sTTI
	0.3 sTTI

	100km / 666.7us
	4.7 sTTI
	2.6 sTTI
	1.3 sTTI
	0.6 sTTI


Proposal 1: The maximum TA for short TTI should be 333.3us.

3 Processing time reduction for short TTI
Since both DL and UL support asynchronous HARQ, only processing timing for UE needs to be specified, including DL HARQ timing and UL scheduling timing. Total processing time for UE includes linear processing parts such as turbo encoding and decoding and non-linear processing parts such as TA and FFT/IFFT. If current UE processing capability is assumed, n + 4 sTTI for short TTI operation cannot be guaranteed which is discussed in [2]. However, with the development of processor, beyond-Rel-13 UE may be with new processing capability, n + 4 sTTI even shorter becomes possible. Therefore, to support different UE capabilities and different coverage, configurable processing timing should be allowed. 
The configurable processing time can be implemented by the default processing time plus the offset processing time which is configured by eNB. In another word, n + k + m sTTI is defined where k is the fixed value and m is configurable. Therefore, although we propose configurable processing time, a default processing time is still needed. 
Proposal 2: To support different UE capabilities and different coverage, processing time for UE should be configurable.
· The configurable processing time can be implemented by the default processing time plus the offset processing time which is configured by eNB.
4 HARQ process number for short TTI
HARQ process number is decided based on RTT which includes processing time of UE and processing time of eNB. In last meeting, it was agreed that n + 8 sTTI is the upper limit of UE processing time. Although the processing time for eNB is up to implementation algorithm, n + 8 sTTI can still be regarded as the upper limit. Therefore, considering the worst situation, the maximum number of HARQ processes should be 16.
In addition, since 1ms TTI and short TTI can be switched dynamically, if short TTI is enabled, whether 1ms TTI and short TTI can share these 16 HARQ processes or not needs further study.
Proposal 3: the maximum number of HARQ processes is 16.

· FFS on whether 1ms TTI and short TTI can share these 16 HARQ processes or not.
5 HARQ timing for FS1
5.1 DL HARQ timing 
As discussed above, a default HARQ timing is still needed. In this section, we will discuss the default DL HARQ timing for short TTI based on the same TTI length and different TTI length for DL and UL.
5.1.1 DL HARQ timing for the same TTI length
In the case of same TTI length for DL and UL, DL HARQ timing is simple. If we assume UE and eNB processing time scales with the TTI length, as shown in Figure 1, 2-symbol sPDSCH is transmitted in sTTI i and its HARQ-ACK feedback will be in sTTI i +4.

Proposal 4: When the DL sTTI length is equal to the UL sTTI length, the default DL HARQ timing is that HARQ-ACK feedback for DL transmission in DL sTTI i is transmitted in UL sTTI i +4.
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Figure 1 HARQ timing for 2-symbol TTI (FDD)
5.1.2 DL HARQ timing for the different TTI length
As proposed in [3], sPUCCH TTI length can be longer than sPDSCH TTI length. With 2-symbol PUCCH, the coverage will be reduced which means latency reduction is not suitable for cell-edge UEs or Macro cell. Therefore, it is beneficial to support that the TTI length of sPUCCH is larger than that of sPDSCH. In the case of different TTI length for DL and UL, both DL and UL TTI lengths need to be considered to determine DL HARQ timing. 

For DL transmission in DL sTTI i of subframe n-k, where 
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 can be defined in a new Table, HARQ-ACK feedback is transmitted in UL sTTI j of subframe n. 
· 2-symbol sPDSCH and 4-symbol sPUCCH

As shown in Figure 2 and Table 2, for DL transmission(s) in DL sTTI0 and sTTI1 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI0 of subframe n; for DL transmission(s) in DL sTTI2 and sTTI3 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI1 of subframe n; for DL transmission(s) in DL sTTI4 and sTTI5 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI2 of subframe n; for DL transmission(s) in DL sTTI6 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI3 of subframe n.
Table 2 DL HARQ timing for 2-symbol DL sTTI and 4-symbol UL sTTI (FDD)

	sPDSCH in DL sTTI i of subframe n-1
	HARQ-ACK in UL sTTI j of subframe n

	i =0,1
	j =0

	i =2,3
	j =1

	i =4,5
	j =2

	i =6
	j =3
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Figure 2 HARQ timing for 2-symbol sPDSCH and 4-symbol sPUCCH (FDD)

· 2-symbol sPDSCH and 1-slot sPUCCH

As shown in Figure 3 and Table 3, for DL transmission(s) in DL sTTI0, sTTI1, sTTI2 and sTTI3 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI0 of subframe n; for DL transmission(s) in DL sTTI4, sTTI5 and sTTI6 of subframe n-1, HARQ-ACK feedback is transmitted in UL sTTI1 of subframe n.

Table 3 DL HARQ timing for 2-symbol DL sTTI and 1-slot UL sTTI (FDD)

	sPDSCH in DL sTTI i of subframe n-1
	HARQ-ACK in UL sTTI j of subframe n

	i =0,1,2,3
	j =0

	i =4,5,6
	j =1
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Figure 3 HARQ timing for 2-symbol sPDSCH and 1-slot sPUCCH (FDD)

Proposal 5: When the DL sTTI length is shorter than the UL sTTI length,  the default DL HARQ timing is that HARQ-ACK feedback for DL transmission in DL sTTI i of subframe n-k (
[image: image6.wmf]K
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) is transmitted in UL sTTI j of subframe n.

· For 2-symbol DL sTTI and 4-symbol UL sTTI, DL sTTI0 and sTTI1 of subframe n-1 is linked to UL sTTI 0 of subframe n, DL sTTI2 and sTTI3 of subframe n-1 is linked to UL sTTI 1 of subframe n, DL sTTI4, sTTI5 of subframe n-1 is linked to UL sTTI 2 of subframe n, and DL sTTI6 of subframe n-1 is linked UL sTTI 3 of subframe n.

· For 2-symbol DL sTTI and 1-slot UL sTTI, DL sTTI0, sTTI1, sTTI2 and sTTI3 of subframe n-1 is linked to UL sTTI 0 of subframe n, and DL sTTI4, sTTI5 and sTTI6 of subframe n-1 is linked UL sTTI 1 of subframe n.
5.2 UL scheduling timing 
As discussed above, a default UL scheduling timing is still needed. In addition, UL Grant is placed in DL sTTI, whether the TTI lengths for DL and UL are same or not will impact UL scheduling timing. In this section, we will discuss the default UL scheduling timing for short TTI based on the same TTI length and different TTI length for DL and UL.
5.2.1 Same TTI lengths for PDSCH and PUSCH
In the case of same TTI lengths for sPDSCH and sPUSCH, UL scheduling timing is simple. If we assume UE and eNB processing time scales with the TTI length, as shown in Figure 4, 2-symbol sPUSCH scheduled by UL Grant in DL sTTI i is transmitted in UL sTTI i +4.
Proposal 6: When the DL sTTI length is equal to the UL sTTI length, the default UL scheduling timing is that sPUSCH scheduled by UL Grant in DL sTTI i is transmitted in UL sTTI i +4.
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Figure 4 Scheduling timing for 2-symbol TTI (FDD)
5.2.2 Different TTI lengths for sPDSCH and sPUSCH

For an UL Grant in DL sTTI i of subframe n, its scheduled PUSCH is transmitted in UL sTTI j of subframe n+k, where the length of DL sTTI i is shorter than the length of UL sTTI j. Two options can be considered: 
· One option is that UL Grants are only transmitted in some of DL TTIs within a subframe, as shown in Figure 5, Figure 6, Table 4 and Table 5.

Table 4 UL Scheduling timing for 2-symbol DL sTTI and 4-symbol UL sTTI (FDD)

	UL Grant in DL sTTI i of subframe n
	PUSCH in UL sTTI j of subframe n+1

	i =0
	j =0

	i =2
	j =1

	i =3
	j =2

	i =5
	j =3
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Figure 5 Scheduling timing for 2-symbol DL sTTI and 4-symbol UL sTTI (FDD)

Table 5 UL Scheduling timing for 2-symbol DL sTTI and 1-slot UL sTTI (FDD)

	UL Grant in DL sTTI i of subframe n
	PUSCH in UL sTTI j of subframe n+2

	i =0
	j =0

	i =3
	j =1
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Figure 6 Scheduling timing for 2-symbol DL sTTI and 1-slot UL sTTI (FDD)

· The other option is that UL Grants can be transmitted in any DL TTI within a subframe, as shown in Figure 7, Figure 8, Table 6 and Table 7.
Table 6 UL Scheduling timing for 2-symbol DL sTTI and 4-symbol UL sTTI (FDD)

	UL Grant in DL sTTI i of subframe n
	PUSCH in UL sTTI j of subframe n+1

	i =0
	j =0

	i =1, 2
	j =1

	i =3, 4
	j =2

	i =5, 6
	j =3
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Figure 7 Scheduling timing for 2-symbol DL sTTI and 4-symbol UL sTTI (FDD)

Table 7 UL Scheduling timing for 2-symbol DL sTTI and 1-slot UL sTTI (FDD)

	UL Grant in DL sTTI i of subframe n
	PUSCH in UL sTTI j of subframe n+2

	i =0, 1, 2
	j =0

	i =3, 4, 5, 6
	j =1
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Figure 8 Scheduling timing for 2-symbol DL sTTI and 1-slot UL sTTI (FDD)

With option 2, UL Grant can be configured more flexibly, but more BDs will be introduced. For simplicity, option 1 can be considered as a baseline to define the default UL scheduling timing.
Proposal 7: When the DL sTTI length is shorter than the UL sTTI length, the default UL scheduling timing is sPUSCH scheduled by UL Grant in DL sTTI i of subframe n is transmitted in UL sTTI j of subframe n+k.
· For 2-symbol DL sTTI and 4-symbol UL sTTI, DL sTTI0 of subframe n is linked to UL sTTI 0 of subframe n+1, DL sTTI2 of subframe n is linked to UL sTTI 1 of subframe n+1, DL sTTI3 of subframe n is linked to UL sTTI 2 of subframe n+1, and DL sTTI5 of subframe n is linked to UL sTTI 3 of subframe n+1.

· For 2-symbol DL sTTI and 1-slot UL sTTI, DL sTTI0 of subframe n is linked to UL sTTI 0 of subframe n+2, and DL sTTI3 of subframe n is linked UL sTTI 1 of subframe n+2.

6 HARQ timing for FS2
The process timing reduction for 1-slot sTTI operation has been also agreed [1] in the RAN#72 meeting as following until RAN1#88.In this section, we discuss some 1-slot FS2 related issues for HARQ timing.
For 1-slot FS2, it is a sub-case of sTTI. Hence the achieved agreements in sTTI should also be applied to the 1-slot FS2 if no big issues have been identified. Here we further discuss the minimum timing for uplink grant to uplink data and for downlink data to downlink HARQ-ACK for 1-slot FS2 operation. 

When a UE receives sPDSCH in sTTI n, the UE transmits HARQ-ACK in sTTI n+k. Or when a UE receives UL Grant in sTTI n, the UE transmits sPUSCH in sTTI n+k. The HARQ timing for both uplink and downlink can be determined according to 1ms TTI timing or 1-slot sTTI timing. 

· Option 1: the HARQ timing relation between the PDSCH (UL Grant) and the associated HARQ-ACK (sPUSCH) is determined according to the 1-slot sTTI. This option is obvious and direct. Both signaling and some pre-defined tables can be used to determine the value of k. 

· Option 2: the timing relation between the PDSCH (UL Grant) and the associated HARQ-ACK (sPUSCH) is determined according to the 1ms processing time reduction operation. 

As stated in the WID [1], the processing time reduction for 1ms TTI will be firstly discussed both for TDD and FDD. As stated in [2], if TBS for 1ms TTI is reduced by half which is equal to TBS for 1-slot sTTI, a simple and reasonable way is to reuse the HARQ timing defined in the 1ms time reduction operation for 1-slot HARQ timing, which can greatly reduce the potential standard effort. 

With restricted TBS for 1ms TTI, the delay for downlink data to HARQ-ACK can be 3 to 4 and the delay for UL Grant to PUSCH can be 2 to 4. Similarly, for 1-slot sTTI, this can be 4 to 8 sTTI. If some pre-defined tables are given to the 1ms processing time reduction operation, we can reuse these tables to 1-slot sTTI. Or if signaling based indication is used to indicate k for 1ms processing time reduction operation, we can also reuse it. The left thing is to determine the sTTI HARQ timing relationship within subframe n and subframe n+ k0.  As shown in Figure 9, it is an example for uplink HARQ timing. First we can get the k0 according to the definition for 1ms processing time reduction HARQ timing. And then we can determine which slot in subframe n and subframe n+ k0 is associated together. Either pre-defined or signaling methods can be used. 
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Figure 9: uplink HARQ timing between different sTTI within the related subframes
Proposal 8: The same HARQ timing for 1ms TTI with restricted TBS and 1-slot sTTI can be considered.

7 Conclusion

In this contribution, processing time reduction and related procedures for short TTI are discussed. Based on the discussion, the following proposals are made:

Proposal 1: The maximum TA for short TTI should be 333.3us.
Proposal 2: To support different UE capabilities and different coverage, processing time for UE should be configurable.
· The configurable processing time can be implemented by the default processing time plus the offset processing time which is configured by eNB.
Proposal 3: the maximum number of HARQ processes is 16.

· FFS on whether 1ms TTI and short TTI can share these 16 HARQ processes or not.

Proposal 4: When the DL sTTI length is equal to the UL sTTI length, the default DL HARQ timing is that HARQ-ACK feedback for DL transmission in DL sTTI i is transmitted in UL sTTI i +4.
Proposal 5: When the DL sTTI length is shorter than the UL sTTI length,  the default DL HARQ timing is that HARQ-ACK feedback for DL transmission in DL sTTI i of subframe n-k (
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) is transmitted in UL sTTI j of subframe n.

· For 2-symbol DL sTTI and 4-symbol UL sTTI, DL sTTI0 and sTTI1 of subframe n-1 is linked to UL sTTI 0 of subframe n, DL sTTI2 and sTTI3 of subframe n-1 is linked to UL sTTI 1 of subframe n, DL sTTI4, sTTI5 of subframe n-1 is linked to UL sTTI 2 of subframe n, and DL sTTI6 of subframe n-1 is linked UL sTTI 3 of subframe n.

· For 2-symbol DL sTTI and 1-slot UL sTTI, DL sTTI0, sTTI1, sTTI2 and sTTI3 of subframe n-1 is linked to UL sTTI 0 of subframe n, and DL sTTI4, sTTI5 and sTTI6 of subframe n-1 is linked UL sTTI 1 of subframe n.

Proposal 6: When the DL sTTI length is equal to the UL sTTI length, the default UL scheduling timing is that sPUSCH scheduled by UL Grant in DL sTTI i is transmitted in UL sTTI i +4.
Proposal 7: When the DL sTTI length is shorter than the UL sTTI length, the default UL scheduling timing is sPUSCH scheduled by UL Grant in DL sTTI i of subframe n is transmitted in UL sTTI j of subframe n+k.
· For 2-symbol DL sTTI and 4-symbol UL sTTI, DL sTTI0 of subframe n is linked to UL sTTI 0 of subframe n+1, DL sTTI2 of subframe n is linked to UL sTTI 1 of subframe n+1, DL sTTI3 of subframe n is linked to UL sTTI 2 of subframe n+1, and DL sTTI5 of subframe n is linked to UL sTTI 3 of subframe n+1.

· For 2-symbol DL sTTI and 1-slot UL sTTI, DL sTTI0 of subframe n is linked to UL sTTI 0 of subframe n+2, and DL sTTI3 of subframe n is linked UL sTTI 1 of subframe n+2.

Proposal 8: The same HARQ timing for 1ms TTI with restricted TBS and 1-slot sTTI can be considered.
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