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1 Introduction

The objectives of the work item on shortened TTI and processing time for LTE include reduced processing time for 1ms TTI for FS1, FS2, FS3, as quoted below from [1]. 
For Frame structure types 1, 2 and 3 for legacy 1 ms TTI operation: [RAN1, RAN2, RAN4] (until RAN1#88)

· Specify support for a reduced minimum timing compared to legacy operation according to [2] between UL grant and UL data and between DL data and DL HARQ feedback for legacy 1ms TTI operation, reusing the Rel-14 PDSCH/(E)PDCCH/PUSCH/PUCCH channel design [RAN1, RAN2]
· This applies at least for the case of restricted maximum supported transport block sizes for PDSCH and/or PUSCH when the reduced minimum timing is in operation, and if agreed by RAN1 for the case of unrestricted maximum supported transport block sizes. 
· Specify support for a reduced maximum TA to enable processing time reductions

· Note that the size of the reduction in minimum timing may be different between UL and DL cases.

· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

· Study and specify, if agreed by RAN1, asynchronous HARQ for PUSCH with reduced processing time [RAN1, RAN2]
In this contribution, we discuss the need for new TDD-related timings with 1msTTI and reduced processing time operation.
2 Discussion
Different timings specific to TDD: 

· DL HARQ timing (which UL subframe contains the HARQ feedback of PDSCH)
· UL Scheduling timing (which DL subframe schedules PUSCH in a given UL subframe)

· UL HARQ timing (which DL subframe contains the HARQ feedback of PUSCH)

For 1ms TTI operation with reduced processing time it appears essential to support asynchronous HARQ as discussed further in [2]. In the following we thus discuss DL HARQ timing and scheduling timing for 1ms TTI with reduced processing time.
2.1 DL HARQ timing

If a reduced processing time is defined for 1ms TTI, the DL HARQ timing for TDD needs to be revised to capture the latency improvement. The HARQ feedback of a DL subframe n is expected to be received in the UL subframe n + k, where k >= 4 in legacy LTE. In the new work item reduced processing time with 1ms TTI means k < 4 but the exact value of k needs to be discussed and agreed upon. In legacy LTE TDD, the HARQ feedback cannot always be sent exactly at n + 4 and the HARQ timing is specified per TDD UL/DL configuration and subframe index in Table 10.1.3.1-1 in [3]. In TDD, a DL subframe is not necessarily occurring exactly at n+4. To avoid bundling of multiple subframes’ HARQ feedback in the same UL subframe, it is also of advantage to not send the HARQ feedback of multiple DL subframes in the first available UL subframe but distribute them over all UL subframes. This comes however at the cost of some extra delay before receiving the HARQ feedback. For 1ms TTI with reduced processing time, similar design issues need to be solved and a new DL HARQ timing table needs to be defined. 
Proposal 1: Specify a new DL HARQ-timing table for TDD with 1ms TTI and reduced processing time operation.
Figure 1 shows an example with two alternatives for defining the DL HARQ timing for TDD UL/DL configuration 3 assuming a reduced processing time k = 3. With alternative (a) the lowest latency is achieved by sending DL HARQ feedback in the first UL subframe at or after n + k. In this example, out of the three UL subframes of this configuration, one UL subframe carries HARQ feedback for 5 DL subframes while the other two UL subframes carry only HARQ feedback for a single DL subframe. With alternative (b) a better balancing of the HARQ feedback payload over the available UL subframes is achieved. Two UL subframes carry HARQ feedback for 2 DL subframes and one UL subframe carries HARQ feedback for 3 DL subframes. If alternative (a) is chosen, HARQ bundling with a small sPUCCH format can be used or a large PUCCH format is needed. However, HARQ bundling of 5 DL subframes may not always be a choice for minimizing latency since if a NACK is received, all 5 DL subframes need to be retransmitted causing extra delay. Another aspect to consider when deciding which alternative to choose is the actual gains in terms of latency that alternative (a) brings over alternative (b). Comparing the average delay before getting the HARQ feedback at the eNB, a reduction of -27.3% and -23% is achieved with alternative (a) and (b) respectively compared to legacy HARQ timing with the n + 4 rule. Considering this small difference the payload balancing approach is more attractive for TDD UL/DL configuration 3.
Observation 1: 
Both the HARQ payload balancing over the available UL subframes and the achievable reduced delay should be considered when deciding the new DL HARQ timing.
However, a payload balancing approach does not always provide advantages over the latency-optimized approach. Considering TDD UL/DL configuration 6 for instance, Figure 2 shows that in the latency-optimized approach with k = 3, an UL subframe carries HARQ feedback for at most two DL subframes which can well be handled with HARQ bundling. In addition, the average delay before getting the HARQ feedback at the eNB reduces by -45.5% with alternative (a) compared to legacy HARQ timing while it reduces by -30.3% with alternative (b). For TDD UL/DL configuration 6, the latency-optimized approach is more attractive. So, a case-by-case analysis is required to choose between latency-optimized approach and payload balancing approach.
Proposal 2: 
Study for each TDD UL/DL configuration separately the best trade-off between latency and balancing of the HARQ payload over the available UL subframes.
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Figure 1
Different possibilities for defining DL HARQ timing for TDD UL/DL configuration 3 and k = 3
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Figure 2
Different possibilities for defining DL HARQ timing for TDD UL/DL configuration 6 and k = 3
Another aspect to consider is the need to change the HARQ timing for all TDD UL/DL configurations. For instance for TDD UL/DL configuration 5, changing the HARQ timing to capture the reduced processing time has only minor impact as there is a single UL subframe per 10ms frame that can carry HARQ feedback. The average delay before getting the HARQ feedback at the eNB would only reduce by -13.3% with k=3 compared to legacy HARQ timing. 
2.2 UL scheduling timing
UL scheduling timing refers to the time relation between a received UL grant in a DL subframe n and the UL transmission in an UL subframe n + k. In legacy LTE, k >= 4 and  k depends on the TDD DL/UL configuration. With 1ms TTI and reduced processing time, one can expect that k < 4 but the exact value is still to be discussed and agreed upon. With legacy scheduling timing and for TDD DL/UL configurations 1-6, the value ofis given in Table 8-2 in [3]. For DL/UL configuration 0, the value of k also depends on the MSB and LSB of the UL index in the UL DCI received at subframe n.

With 1ms TTI and reduced processing time, a new UL scheduling timing table needs to be defined for TDD. Since there are fewer UL subframes than DL subframes in most configurations, the design of the UL scheduling timing can be simpler than the one of DL HARQ timing. The UL scheduling timing for TDD UL/DL configuration 0 that counts more UL subframes than DL subframes can be based on MSB and LSB of the UL index field as in legacy LTE TDD. 
Proposal 3: 
Specify a new UL scheduling-timing table for TDD with 1ms TTI and reduced processing time operation
Proposal 4: 
Reuse the 2 bits UI field in UL DCI for TDD UL/DL configuration 0 with 1ms TTI and reduced processing time operation
3 Conclusion

In section 2, we made the following observations:
Observation 1: 
Both the HARQ payload balancing over the available UL subframes and the achievable reduced delay should be considered when deciding the new DL HARQ timing.
Based on the discussion in section 2 we propose the following:
Proposal 1: Specify a new DL HARQ-timing table for TDD with 1ms TTI and reduced processing time operation.
Proposal 2: 
Study for each TDD UL/DL configuration separately the best trade-off between low latency and good balancing of the HARQ payload over the available UL subframes.

Proposal 3: 
Specify a new UL scheduling-timing table for TDD with 1ms TTI and reduced processing time operation
Proposal 4: 
Reuse the 2 bits UI field in UL DCI for TDD UL/DL configuration 0 with 1ms TTI and reduced processing time operation
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