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1. Introduction
At the RAN#72 meeting, a new work item on shortened TTI and processing time for LTE was approved [1]. The specification work includes shortened processing time for 1ms TTI:
	[bookmark: _Hlk458157043]4	Objective
4.1	Objective of SI or Core part WI or Testing part WI
The objective of this work item is to specify shortened TTI operation and shortened processing time for both legacy (1ms) TTI and shortened TTI. The specified solution should cover the case of carrier aggregation and non-carrier aggregation. Aim for a similar design as possible independent of frame structure.

The detailed objectives are:

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 HARQ/scheduling timing of processing time reduction for 1ms TTI in FS2 (TDD).
2. Shortened processing time for 1ms TTI in TDD
2.1 General principle
Shortened processing time for 1ms TTI is to be supported for FS1, FS2, and FS3, as part of a WI on shortened TTI and processing time [1]. Even without shortened TTI, U-plane latency can be reduced by shortening processing time. For example, in case of FS1, assuming that HARQ-ACK feedback for PDSCH in subframe n is available at n+k with k=3 or 2 and 10% BLER, the average U-plane latency in downlink and uplink can be reduced to 3.6ms or 2.4ms, if HARQ RTT for each case is 6ms or 4ms, respectively.
Compared to the case of FS1, U-plane latency of FS2 would be worse in general, since the frame alignment and HARQ RTT requires longer time due to the limited downlink reception and uplink transmission opportunities. In order to improve the latency in FS2 as much as possible, new scheduling/HARQ timing should be introduced for each TDD UL-DL configuration with a given value of k. It is true that having more UL-DL switching points in a radio frame can achieve further lower latency. However, cross-link interference and backward compatibility problems cannot be addressed. Therefore, at least for 1ms TTI with shortened processing time, no new UL-DL switching point should be introduced.

Proposal 1:
· For 1ms TTI with shortened processing time, new scheduling/HARQ timing should be introduced for all the TDD UL-DL configurations.
Proposal 2:
· At least for shortened processing time for 1ms TTI, no new UL-DL switching point should be introduced.

2.2 DL HARQ timing for FS2 with Shortened processing time for 1ms TTI
HARQ timing for downlink:
In the following, we discuss HARQ timing for DL data transmissions when shortened processing time for 1ms TTI is applied for FS2 (TDD). For a DL transmission in subframe n, HARQ-ACK feedback is transmitted in subframe n+k’, where k’ depends on the given UL-DL configuration and the achievable shortened processing time e.g. the value of k. Fig. 1 illustrates an example of HARQ timing for DL data transmissions taking TDD UL-DL configuration 6 as an example with k=1, 2, or 3.

[image: Figure-1]
Fig. 1. DL HARQ timing example for different k with TDD UL-DL configuration 6

[bookmark: OLE_LINK23][bookmark: OLE_LINK24]In case of k=1, HARQ-ACK feedback for subframe #5 and #6 are transmitted in subframe #7, HARQ-ACK feedback for subframe #9, #0, #1 are transmitted in subframe #2.  No HARQ-ACK feedback is transmitted in subframe #3, #4 and #8. The average HARQ RTT in this case is (4+3+6+5+4)/5=4.4ms, which is much shorter than the legacy value, 11.8ms. In case of k=2, HARQ-ACK feedback for subframe #1, #5 and #6 are transmitted in subframe #3, #7 and #8, respectively. HARQ-ACK feedback for subframe #9 and #0 are transmitted in subframe #2. No HARQ-ACK feedback is transmitted in subframe #4. In case of k=3, HARQ-ACK feedback for subframe #0, #1 and #5 are transmitted in subframe #3, #4 and #8, respectively. HARQ-ACK feedback for subframe #6 and #9 are transmitted in subframe #2. No HARQ-ACK feedback is transmitted in subframe #7. The above timing example illustrated in Fig. 1 can achieve minimum latency for a given value of k and TDD UL-DL configuration, but the uplink control signaling is not balanced among uplink subframes. Similarly, the HARQ timing for a given value of k with other UL-DL configurations can be derived. Table 1 summarizes the average HARQ RTT to achieve minimum latency for TDD UL-DL configuration 0 - 6 with different value of k.

Table 1: Average HARQ RTT for TDD UL-DL configuration 0 - 6 with different k to achieve minimum latency
	Average HARQ RTT
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	The value of k
	1
	4.5
	4
	3.5
	7
	6.5
	6
	4.4

	
	2
	5
	4.3
	5.75
	7
	6.625
	9
	4.6

	
	3
	7.5
	7
	8
	7.43
	8.875
	10.22
	7

	
	4
	10
	10.3
	10.25
	10.3
	11.5
	12.3
	11.8



To strike the balance between low latency and UCI balancing, other set of DL HARQ timing can be considered. Fig. 2 gives an example for TDD UL-DL configuration 6. Similarly, the HARQ timing for a given value of k with other UL-DL configurations can be derived. Table 2 summarizes the average HARQ RTT taking both low latency and UCI balancing into account for TDD UL-DL configuration 0 - 6 with different value of k.

[image: figure 2-3-r]
Fig. 2. DL HARQ timing example for different k with TDD UL-DL configuration 6

Table 2: Average HARQ RTT for TDD UL-DL configuration 0 - 6 with different k.
	Average HARQ RTT
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	The value of k
	1
	4.5
	4
	3.5
	7
	6.5
	6
	4.4

	
	2
	5
	4.3
	5.75
	7.29
	7
	9
	4.8

	
	3
	7.5
	7
	8
	7.86
	9.25
	10.22
	7.8

	
	4
	10
	10.3
	10.25
	10.3
	11.5
	12.3
	11.8



Analysis of average HARQ RTT:
From both Table 1 and Table 2, we can see that for 1ms TTI with processing time reduction, lower latency can be achieved with shorter processing time if new DL HARQ timing is introduced appropriately.

Proposal 3:
· For 1ms TTI with shortened processing time, the new DL HARQ timing should take both latency and UCI balancing into consideration. 

2.3 UL scheduling timing for FS2 with Shortened processing time for 1ms TTI
UL scheduling timing:
Next, UL scheduling timing for an UL grant when shortened processing time for 1ms TTI is applied for FS2 (TDD) is discussed. For a UL grant reception in subframe n, the scheduled UL data is transmitted in subframe n+k’, where k’ depends on the given UL-DL configuration and the value of k. Examples for timing between UL grant and UL data for TDD UL-DL configuration 1, 3 and 6 are shown in Fig. 3-1, Fig.  3-2 and Fig.  3-3, respectively.
[image: figure 3-1]
Fig. 3-1. UL scheduling timing example for different k with TDD UL-DL configuration 1
[image: foigure 3-2]
Fig. 3-2. UL scheduling timing for different k with TDD UL-DL configuration 3
[image: figure 3-3]
Fig. 3-3. UL scheduling timing for different k with TDD UL-DL configuration 6

Analysis of average HARQ RTT:
Similar to the DL HARQ timing, taking UL scheduling timing illustrated in Fig. 3 as examples, the average HARQ RTT for TDD UL-DL configuration 0 - 6 with different value of k is presented in Table 3.
From Table 3, we can see that for 1ms TTI with processing time reduction, lower latency can be achieved with shorter processing time in many cases, if new scheduling timing is introduced appropriately. Note that for TDD UL-DL configurations 2 - 5, average HARQ RTT is not shortened in some cases, since the uplink subframe(s) is/are limited in these configurations. However, even with these cases, one-way latency is shorter.

Table 3: Average HARQ RTT for TDD UL-DL configuration 0 - 6 with different k.
	Average HARQ RTT
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	The value of k
	1
	4
	3.5
	5
	9
	9.5
	10
	4.2

	
	2
	4.33
	4.5
	5
	9
	9.5
	10
	4.4

	
	3
	7
	7.5
	10
	9
	9.5
	10
	7

	
	4
	10.5
	10
	10
	10
	10
	10
	12



[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 4: 
· For 1ms TTI with shortened processing time, above new UL scheduling timing can be considered to reduce the scheduling latency.

3. Conclusion
In this contribution, we discuss the HARQ/scheduling timing of processing time reduction for 1ms TTI in FS2 (TDD) and proposed the following:
Proposal 1:
· For 1ms TTI with shortened processing time, new scheduling/HARQ timing should be introduced for all the TDD UL-DL configurations.
Proposal 2:
· At least for shortened processing time for 1ms TTI, no new UL-DL switching point should be introduced.
Proposal 3:
· For 1ms TTI with shortened processing time, the new DL HARQ timing should take both latency and UCI balancing into consideration. 
Proposal 4: 
· For 1ms TTI with shortened processing time, above new UL scheduling timing can be considered to reduce the scheduling latency.
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