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Introduction
In RAN #72 meeting, a new work item on shortened TTI and processing time for LTE was created [1]. For 1ms TTI latency reduction, the tasks are listed below:
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]
This contribution discusses the HARQ related issues for the shortened processing time in 1ms TTI.
Discussion
HARQ timing and processes
Even though the WID [1] only mentions the minimum timing delays for grant-to-PUSCH and PDSCH-to-ACK, the other two minimum delays respectively for PUSCH-to-ACK and NACK-to-PDSCH also impact the DL/UL HARQ processes, e.g. the actual delays and the numbers of HARQ processes on DL and UL. It is noted in [1] that the sizes of reduction in minimum timing may be different between UL and DL. So this contribution uses kmin,DL  and kmin,UL to denote the DL and UL minimum timing respectively. In LTE, the minimum processing time is set to kmin,DL= kmin,UL=4ms. If further shortened, this minimum processing time would be possibly chosen from {1,2,3}ms. Because kmin,DL=1ms and kmin,UL=1ms may bring very tough requirements on processing capabilities for both eNB and UE, we consider kmin,DL and kmin,UL chosen from {2,3} in this contribution. In addition, because the impacts of the minimum delays to actual HARQ delays and number of HARQ processes are straightforward for FDD, this contribution mainly focuses on frame structure type 2. To simplify the analysis, the same kmin,DL is assumed for PDSCH-to-ACK and NACK-to-PDSCH, and same kmin,UL is assumed for grant-to-PUSCH and PUSCH-to-ACK. 
Impact of kmin,DL to DL HARQ  timing and number of DL HARQ processes 
For the PDSCH-to-ACK timing design,  the following two design options can be considered where the Option-1 is more aligned with existing LTE specification:
· Option-1: evenly distributing HARQ-ACKs over different uplink subframes has higher priority than minimizing PDSCH-to-ACK delays. 
· Option-2: minimizing PDSCH-to-ACK delays has higher priority.
There is no significant difference between Option-1 and Option-2 for TDD UL/DL configuration 0/1/2/5. But for TDD UL/DL configuration 3/4/6, Option-1 and Option-2 may lead to significant different timing design. 
Take TDD UL/DL configuration 1 with kmin,DL=2 as an example. Three DL HARQ processes can be set as in Figure-1. The PDSCH-to-ACK delays corresponding to Figure-1 are illustrated in Figure-2. The difference in latency reduction between Figure-2(a) and Figure-2(b) is not significant. Figure-2(b) may be more preferred if taking into account the distribution of HARQ-ACKs in different uplink subframes to support FDD-TDD CA.
[image: ]
[bookmark: _Ref458002199]Figure-1: DL HARQ processes for TDD UL/DL configuration 1 and kmin,DL=2


[bookmark: _Ref458003145]Figure-2: PDSCH-to-ACK delays for TDD UL/DL configuration 1 and kmin,DL=2
Take TDD UL/DL configuration 3 with kmin,DL=2 as another example, seven DL HARQ processes can be set as in Figure-3. The PDSCH-to-ACK timing corresponding to Figure-3 can be illustrated in Figure-4 for Option-1 and in Figure-5 for Option-2 respectively.
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[bookmark: _Ref458002283]Figure-3: the DL HARQ process for TDD UL/DL configuration 3 with kmin,DL=2


[bookmark: _Ref458002313]Figure-4: PDSCH-to-ACK delays for UL/DL configuration 3 and kmin,DL=2 (Option-1)


[bookmark: _Ref458002302]Figure-5: PDSCH-to-ACK delays for UL/DL configuration 3 and kmin,DL=2 (Option-2)
As shown in Figure-5, the bundling window in subframe 2 is 6, which makes the HARQ-ACK multiplexing defined in LTE inapplicable. In this case, PUCCH format 3/4/5 should be configured for HARQ-ACK feedback. But there is only one DL subframe having PDSCH-to-ACK timing pointing to subframe 3, which makes the PUCCH performance varies significantly between subframe 2 and subframe 3. Meanwhile, the timing analysis shown in Annex Table-A2 and Table-A3 suggests that the benefit in latency reduction for Option-2 over Option-1 is not sufficient to justify the disadvantages of Option-2. Therefore, Option-1 should be adopted for HARQ-ACK timing design with shortened processing time. 
Proposal-1: Should HARQ-ACK timing be redesigned for 1ms TTI latency reduction operation, it should be designed in such a way that the HARQ-ACKs are evenly distributed over different subframes.
Table-1 and Table-2 summarize the downlink association set for different UL/DL configurations based on Option-1 for kmin,DL=2 and kmin,DL=3 respectively. Table-3 gives the number of DL HARQ processes for kmin,DL={2,3,4}. Based on Table-1 and Table-2, the average of reduction for PDSCH-to-ACK delay and PDSCH-NACK-PDSCH delay are given in Table-4 and Table-5.
[bookmark: _Ref458002362]Table-1: Downlink association set [image: ]: [image: ] for TDD (kmin,DL=2，Option-1)
	UL/DL
Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	2
	2
	-
	-
	-
	2
	2
	-

	1
	-
	-
	3
	3,2
	-
	-
	-
	3
	3,2
	-

	2
	-
	-
	4, 3, 2, 6
	-
	-
	-
	-
	4,3,2,6
	-
	-

	3
	-
	-
	7,6,5
	5,4
	 4,3
	-
	-
	-
	-
	-

	4
	-
	-
	8,7,6,5
	5,4,3,2
	-
	-
	-
	-
	-
	-

	5
	-
	-
	9,8,7,6,5,4,3,2,11
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	3
	3
	3
	-
	-
	2
	2
	-


[bookmark: _Ref458002367]Table-2: Downlink association set [image: ]: [image: ] for TDD (kmin,DL=3，Option-1)
	UL/DL
Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	-
	3
	3
	-
	-
	-
	3
	3

	1
	-
	-
	6,3
	3
	-
	-
	-
	6,,3,2,5,4,3,2,11tency3
	3
	-

	2
	-
	-
	7,4,3, 6
	-
	-
	-
	-
	7,4,3,6
	-
	-

	3
	-
	-
	7,6,5
	5,4
	 4,3
	-
	-
	-
	-
	-

	4
	-
	-
	8,7,6,11
	6,5,4,3
	-
	-
	-
	-
	-
	-

	5
	-
	-
	12,9,8,7,6,5,4,3,11
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	6
	4
	4
	-
	-
	6
	3
	-


[bookmark: _Ref458002371]Table-3: Number of DL HARQ process
	UL/DL
Configuration
	kmin,DL

	
	4
	3
	2

	0
	4
	4
	2

	1
	7
	5
	3

	2
	10
	8
	6

	3
	9
	7
	7

	4
	12
	10
	8

	5
	15
	13
	11

	6
	6
	5
	3


It can be concluded that, significant latency reduction in both PDSCH-to-ACK delay and PDSCH-NACK-PDSCH delay can be achieved with shortened processing time. For FDD, 50% and 25% latency reduction can be achieved with kmin,DL=2 and kmin,DL=3 respectively; for TDD, even more latency reduction can be achieved in some TDD UL/DL configuration, i.e, UL/DL configuration 0/1/6. 

Table-4: Average PDSCH-to-ACK delay
	UL/DL configuration
	Average PDSCH-to-ACK delay (ms)
(latency reduction compared to legacy operation %)

	
	kmin,DL=4
	kmin,DL=3
	kmin,DL=2

	0
	5
	3(40%)
	2(60%)

	1
	5.67
	4(29.45%)
	2.66(53.09%)

	2
	6.25
	5(20%)
	3.75(40%)

	3
	6.28
	4.86(22.61%)
	4.86(22.61%)

	4
	7.5
	6.3(16%)
	5(33.33%)

	5
	8.3
	7.2(13.25%)
	6.1(26.51%)

	6
	6.6
	4.6(30.30%)
	2.6(60.61%)


 Table-5: Average PDSCH-NACK-PDSCH delay
	UL/DL configuration
	Average PDSCH-NACK-PDSCH delay (ms)
(latency reduction compared to legacy operation %)

	
	kmin,DL=4
	kmin,DL=3
	kmin,DL=2

	0
	10
	7.5(25%)
	4.5(55%)

	1
	10.2
	7(31.37%)
	4.67(54.22%)

	2
	9.8
	8(18.37%)
	5.75(41.33%)

	3
	10.5
	7.29(30.57%)
	7.29(30.57%)

	4
	11.6
	8.87(23.45%)
	7(39.66%)

	5
	12.4
	10(19.35%)
	8.1(34.68%)

	6
	11.2
	8(28.57%)
	4.8(57.14%)


Observation-1: Significant DL HARQ latency reduction can be achieved for both FDD and TDD with shortened processing time for 1ms TTI.
Impact of kmin,UL to UL HARQ  timing and number of UL HARQ processes 
Similar to DL-HARQ, the minimum processing time also has impact on UL HARQ design. Take TDD UL/DL configuration 0 with kmin,UL=2 as an example, three UL HARQ processes can be set as in Figure-6. The grant-to-PUSCH delay corresponding to Figure-6 is illustrated in Figure-7. The setting of UL index in DCI format 0/4 can be done in the way similar to legacy processing time unless the value of k is different.
[image: ] 
[bookmark: _Ref458003043]Figure-6: UL-HARQ processes with kmin,UL=2


[bookmark: _Ref458003353]Figure-7: grant-to-PUSCH delay for UL/DL configuration 0 and kmin,UL=2 
For TDD UL/DL configuration 3/4/5, the PUSCH-NACK-PUSCH delay cannot be further reduced as the reduced processing time. The same happens for UL/DL configuration 2 with kmin,UL=3. Table-6 and Table-7 summarize the grant-to-PUSCH delay for kmin,UL=2 and kmin,UL=3 respectively. Table-8 gives the number of UL HARQ process for kmin,UL={2,3,4}. Based on the assumption of synchronous UL HARQ, the average of reduction for grant-to-PUSCH delay and PUSCH-NACK-PUSCH delay are given in Table-9 and Table-10. 
[bookmark: _Ref458005379]Table-6: k for TDD configurations 0-6 (kmin,UL =2)
	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	2
	2
	
	
	
	2
	2
	
	
	

	1
	2
	2
	
	
	
	2
	2
	
	
	

	2
	2
	
	
	
	
	2
	
	
	
	

	3
	3
	3
	
	
	
	
	
	
	
	3

	4
	2
	2
	
	
	
	
	
	
	
	

	5
	2
	
	
	
	
	
	
	
	
	

	6
	3
	3
	
	
	
	2
	2
	
	
	3


[bookmark: _Ref458005381]Table-7: k for TDD configurations 0-6 (kmin,UL =3)
	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	3
	3
	
	
	
	3
	3
	
	
	

	1
	3
	
	
	
	3
	3
	
	
	
	3

	6
	4
	6
	
	
	
	3
	6
	
	
	4


[bookmark: _Ref458005788]Table-8: Number of UL HARQ processes
	UL/DL
Configuration
	kmin,UL

	
	4
	3
	2

	0
	7
	6
	3

	1
	4
	3
	2

	2
	2
	-
	1

	3
	3
	-
	-

	4
	2
	-
	-

	5
	1
	-
	-

	6
	6
	4
	3



Table-9: Average grant-to-PUSCH delay
	UL/DL configuration
	Average grant-to-PUSCH delay (ms) 
(latency reduction compared to legacy operation %)

	
	kmin,UL=4
	kmin,UL=3
	kmin,UL=2

	0
	5.67
	4(29.45%)
	2.3(59.44%)

	1
	5
	3(40%)
	2(60%)

	2
	4
	3(25%)
	3(25%)

	3
	4
	3(25%)
	2(50%)

	4
	4
	3(25%)
	2(50%)

	5
	4
	3(25%)
	2(50%)

	6
	6.6
	4.6(30.30%)
	2.6(60.61%)


 Table-10: Average PUSCH-NACK-PUSCH delay
	UL/DL configuration
	Average PUSCH-NACK-PUSCH delay (ms) 
(latency reduction compared to legacy operation %)

	
	kmin,UL=4
	kmin,UL=3
	kmin,UL=2

	0
	11.6
	8.3(28.45%)
	5(55%)

	1
	10
	7.5(25%)
	5(50%)

	2
	10
	-
	5(50%)

	3
	10
	-
	-

	4
	10
	-
	-

	5
	10
	-
	-

	6
	11.5
	8.2(28.7%)
	4.8(57.14%)


Observation-2: Significant UL HARQ latency reduction can be achieved for TDD UL/DL configuration 0/1/6 with shortened processing time for 1ms TTI.
PUCCH resource collision
When PUCCH format 1a/1b is configured for HARQ-ACK feedback, including HARQ-ACK multiplexing, HARQ-ACK bundling and PUCCH format 1b with channel selection, PUCCH resource collision may occur between HARQ-ACK in legacy operation and HARQ-ACK in latency reduction operation, as shown in Figure-8.
[image: ]
Figure-8: Example of PUCCH resource collision
To solve the issue of PUCCH resource collision, both implementation-based solution and specification-based solution can be considered. 
· For implementation-based solution, as shown in Figure-8, the eNB should guarantee that the CCE indices of PDCCH transmitted in subframe 1 and subframe 5 are different. Another implementation-based solution is that the UE with 1ms TTI latency reduction is configured with EPDCCH. By proper setting of ARO in EPDCCH, PUCCH resource collision can be avoided.
· For specification based solution, a new PUCCH resource offset can be introduced for HARQ process in latency reduction operation. Because the PUCCH resource pools are not shared between legacy operation and latency reduction operation, there may be additional PUCCH overhead.  
Observation-3: The PUCCH resource collision in UL HARQ should be solved for 1ms TTI latency reduction operation.
Conclusion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]This contribution discusses the HARQ-ACK timing for latency reduction with 1ms TTI, and observes that:
Observation-1: Significant DL HARQ latency reduction can be achieved for both FDD and TDD with shortened processing time for 1ms TTI.
Observation-2: Significant UL HARQ latency reduction can be achieved for TDD UL/DL configuration 0/1/6 with shortened processing time for 1ms TTI.
Observation-3: The PUCCH resource collision in UL HARQ should be solved for 1ms TTI latency reduction operation.
It is proposed that, for both DL HARQ and UL HARQ, 
Proposal-1: Should HARQ-ACK timing be redesigned for 1ms TTI latency reduction operation, it should be designed in such a way that the HARQ-ACKs are evenly distributed over different subframes. 
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Annex
Table-A1: Downlink association set [image: ]: [image: ] for TDD (kmin=2，Option-2)
	UL/DL
Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	2
	2
	-
	-
	-
	2
	2
	-

	1
	-
	-
	3,2
	2
	-
	-
	-
	3,2
	2
	-

	2
	-
	-
	4, 3, 2, 6
	-
	-
	-
	-
	4,3,2,6
	-
	-

	3
	-
	-
	7,6,5,4,3,2
	2
	 -
	-
	-
	-
	-
	-

	4
	-
	-
	8,7,6,5,4,3,2
	2
	-
	-
	-
	-
	-
	-

	5
	-
	-
	9,8,7,6,5,4,3,2,11
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	3,2
	2
	
	-
	-
	2
	2
	-


Table-A2: Average PDSCH-to-ACK  delay(ms)
	UL/DL configuration
	Average PDSCH-to-ACK delay (ms)
(latency reduction compared to legacy operation %)

	
	kmin=4
	kmin=2

	
	
	Option -1
	Option-2

	0
	5
	2(60%)
	2(60%)

	1
	5.67
	2.66(53.09%)
	2.3(58.91%)

	2
	6.25
	3.75(40%)
	3.75(40%)

	3
	6.28
	4.86(22.61%)
	4.14(34.08)

	4
	7.5
	5(33.33%)
	4.6(38.67)

	5
	8.3
	6.1(26.51%)
	6.1(26.51%)

	6
	6.6
	2.6(60.61%)
	2.2(66.67%)


Table-A3: Average PDSCH-NACK-PDSCH delay(ms)
	UL/DL configuration
	Average PDSCH-NACK-PDSCH delay (ms)
(latency reduction compared to legacy operation %)

	
	kmin=4
	kmin=2

	
	
	Option -1
	Option-2

	0
	10
	4.5(55%)
	4.5(55%)

	1
	10.2
	4.67(54.22%)
	4.33(57.55%)

	2
	9.8
	5.75(41.33%)
	5.75(41.33%)

	3
	10.5
	7.29(30.57%)
	7(33.33%)

	4
	11.6
	7(39.66%)
	6.63(42.84)

	5
	12.4
	8.1(34.68%)
	8.1(34.68%)

	6
	11.2
	4.8(57.14)
	4.6(58.93%)
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