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Introduction
In RAN1 #86 meeting, it was agreed that a minimum timing n+3 is supported with a reduced maximum TA. It was then agreed in RAN1 #88 the TDD UL HARQ timing for TDD UL/DL configurations 1~5 [1], together with several options for UL HARQ timing for TDD UL/DL configurations 0 and 6 [2].  
This contribution further discusses the TDD HARQ timing design for both DL (for UL/DL configurations 0~6) and UL (for UL/DL configurations 0 and 6).
DL HARQ timing in TDD 
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, where the UL subframes are either symmetrically distributed in two slots per subframe or too less to leave room for some deviations between the two options. But for TDD UL/DL configuration 3/4/6, the two options may lead to some significant difference. Take the seven DL HARQ processes in TDD UL/DL configuration 3 in Figure-1 as an example. The corresponding PDSCH-to-ACK timings are given in Figure-2 and Figure-3 for two options respectively.
As shown in Figure-3, the bundling window in subframe #2 is 5, 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 subframes #3 and #4, which makes the PUCCH performance varies significantly between subframe #2 and subframe #3/#4. Meanwhile, the delay analysis in Table-3 and Table-4 shows that the latency reduction benefit of 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 on TDD DL. 
[image: ]
[bookmark: _Ref458002283]Figure-1: DL HARQ process for TDD UL/DL configuration 3 with kmin,DL=3


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


[bookmark: _Ref458002302]Figure-3: PDSCH-to-ACK delays for UL/DL configuration 3 and kmin,DL=3 (Option-2)
Table-1 summarizes the downlink association set for different UL/DL configurations based on Option-1. Note that the numerical orders in cells of the table are arranged in such a way in order to provide the possibility of PUCCH resource sharing with legacy timing of n+4. Table-2 gives the number of DL HARQ processes for kmin,DL={3,4}. Based on Table-1, the average of reduction for PDSCH-to-ACK delay and PDSCH-NACK-PDSCH delay are given in Table-3 and Table-4. 
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. Compared to FDD, where 25% latency reduction can be achieved with kmin,DL=3; TDD can achieve even more latency reduction in some TDD UL/DL configurations, i.e, UL/DL configuration 0/1/6, which are highlighted in Table-3 and Table-4. 
Proposal 1: TDD PDSCH-to-ACK timing for (n+3) minimum processing timing in 1ms TTI is given by Table-1.
[bookmark: _Ref458002367][bookmark: _Ref458002362]Table-1: Downlink association set K: {k0,k1,…,kM-1} for TDD
	UL/DL
Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	-
	3
	3
	-
	-
	-
	3
	3

	1
	-
	-
	3,6
	3
	-
	-
	-
	3,6
	3
	-

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

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

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

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

	6
	-
	-
	6
	4
	4
	-
	-
	6
	3
	-


[bookmark: _Ref458002371]Table-2: Number of DL HARQ process
	UL/DL
Configuration
	kmin,DL

	
	4
	3

	0
	4
	4

	1
	7
	5

	2
	10
	8

	3
	9
	7

	4
	12
	10

	5
	15
	13

	6
	6
	5


Table-3: 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

	
	
	Option-1
	Option-2

	0
	5
	3(40%)
	3(40%)

	1
	5.67
	4(29.45%)
	4(29.45%)

	2
	6.25
	5(20%)
	5(20%)

	3
	6.28
	4.86(22.61%)
	4.43(29.46%)

	4
	7.5
	6.25(16.67%)
	5.86(21.87%)

	5
	8.3
	7.2(13.25%)
	7.2(13.25%)

	6
	6.6
	4.6(30.30%)
	3.6(45.45%)


 Table-4: 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

	
	
	Option-1
	Option-2

	0
	10
	7.5(25%)
	7.5(25%)

	1
	10.2
	7(31.37%)
	7(31.37%)

	2
	9.8
	8(18.37%)
	8(18.37%)

	3
	10.5
	8(23.81%)
	7.43(29.24)

	4
	11.6
	9.25(20.26%)
	8.88(23.45%)

	5
	12.4
	10(19.35%)
	10(19.35%)

	6
	11.2
	8(28.57%)
	7(37.5%)


UL HARQ timing in TDD 
One important issue arises in the earlier RAN1 discussion on the TDD UL HARQ timing: whether the LTE timing premise of "the order of PUSCH transmission follows the order of PUSCH grant" or "the earlier UL grant triggers the earlier PUSCH transmission". Some proposed timing designs break this LTE convention in trade of smaller grant-to-PUSCH delay. On the other hand, the following concerns are raised for such a timing design logic: 
· The UL power control in accumulation TPC mode would give conflicting behaviors if one grant A is issued earlier than a grant B while the PUSCH A triggered by the grant A is transmitted later than the PUSCH B triggered by the grant B. This is because the actual outcome of TPC in grant A would also depend on the TPC command in grant B, which is issued later after grant A. This may require the eNB to implement a joint-TTI scheduler with prediction functionality. However, the specification should not mandate eNB vendors on the implementation. In fact, the above mentioned timing logic issue may happen to UL power control, but also to any other air interface aspects where the inter-TTI dependency is somehow assumed within the UL grant, for example, the UL HARQ transmission buffer. 
· The introduction of "the order of PUSCH transmission not following the order of PUSCH grant" to TDD would create a fundamental difference in L1 scheduling logic between FDD and TDD, which is certainly negative to seek the potentially common design in future between FDD and TDD.    
Therefore, the TDD grant-to-PUSCH timing for reduced processing timing in 1ms TTI should be designed to not allow the order of PUSCH transmission to be different from the order of PUSCH grant.  
UL HARQ timing for TDD UL/DL configuration 0
Table-5: Timing options for grant-to-PUSCH in UL/DL configuration 0
	TDD UL/DL configuration 0
	Subframe number n 

	
	0 
	1 
	2 
	3 
	4 
	5 
	6 
	7 
	8 
	9 

	Option 1 
	3/4 
	3/6 
	
	
	
	3/4 
	3/6 
	
	
	

	Option 2 
	3/4 
	5/6 
	
	
	
	3/4 
	5/6 
	
	
	

	Option 3 
	3/6 
	3/6 
	
	
	
	3/6 
	3/6 
	
	
	

	Option 4 
	3/4 
	5/6 
	
	
	
	3/4 
	5/6 
	
	
	

	Option 5 
	3/6 
	3/6 
	
	
	
	3/6 
	3/6 
	
	
	


RAN1 #88 agreed five grant-to-PUSCH timing options as listed in Table-5 for TDD UL/DL configuration 0, and proposed to down-select UL HARQ timing from following four alternatives: 
· Alt 1: option 1 for SSC 0-9 and option 2 for SSC 10
· Alt 2: option 1 for SSC 0-9 and option 3 for SSC 10
· Alt 3: option 4 for SSC 0-10
· Note: The timings highlighted in red are only applicable to special subframe configuration 10
· Alt 4: option 5 for SSC 0-10
· Note: The timings highlighted in red are only applicable to special subframe configuration 10
Because the options 3 and 5 in Table-5 does not satisfy "the order of PUSCH transmission follows the order of PUSCH grant", Alt-2 and Alt-4 should be ruled out.
Alt-1 results in different timing tables to be used between special subframe configurations 0~9 and special subframe configuration 10 ("3" in DwPTS for special subframe configurations 0~9 vs. "5" in DwPTS for special subframe configuration 10), with one timing relations not the subset of the other. Therefore Alt-1 introduces additional complexities in both hardware implementation and potential future TDD specification evolution. Therefore, Alt-3 is preferred.  
UL HARQ timing for TDD UL/DL configuration 6
Table-6: Timing options for grant-to-PUSCH in UL/DL configuration 6
	TDD UL/DL configuration 6
	Subframe number n 

	
	0 
	1 
	2 
	3 
	4 
	5 
	6 
	7 
	8 
	9 

	Option 1 
	4 
	6 
	
	
	
	3 
	6 
	
	
	4 

	Option 2 
	3/6 
	3/6 
	
	
	
	3 
	5 
	
	
	3 

	Option 3 
	3/4 
	5/6 
	
	
	
	3 
	5 
	
	
	3 

	Option 4 
	3/4 
	5/6 
	
	
	
	3/6 
	5/6 
	
	
	3/4 

	Option 5 
	4 
	5/6 
	
	
	
	3 
	5/6 
	
	
	4 

	Option 6 
	3/6 
	3/6 
	
	
	
	3 
	5 
	
	
	3 


RAN1 #88 agreed six grant-to-PUSCH timing options as listed in Table-6 for TDD UL/DL configuration 6, and proposed to down-select UL HARQ timing from following five alternatives: 
· Alt 1: option 1 for SSC 0-9 and option 2 for SSC 10
· Alt 2: option 1 for SSC 0-9 and option 3 for SSC 10
· Alt 3: option 4 for SSC 0-10
· Note: The timings highlighted in red are only applicable to special subframe configuration 10
· Alt 4: option 5 for SSC 0-10
· Note: The timings highlighted in red are only applicable to special subframe configuration 10
· Alt 5: option 6 for SSC 0-10
· Note: The timings highlighted in red are only applicable to special subframe configuration 10 
Because the options 2 and 6 in Table-6 does not satisfy "the order of PUSCH transmission follows the order of PUSCH grant", Alt-1 and Alt-5 should be ruled out. 
Alt-2 results in different timing tables to be used between special subframe configurations 0~9 and special subframe configuration 10, with one implementation even not the subset of the other. Therefore Alt-2 introduces additional complexities in both hardware implementation and potential future TDD specification evolution. 
In contrast, both Alt-3 and Alt-4 satisfies:
· The order of PUSCH transmission follows the order of PUSCH grant;
· UL_index is only needed for special subframe configuration 10, but not needed for other special subframe configurations, which is similar to the current specification (including conclusion from new WI of UL capacity enhancement [3]) for (n+4) minimum processing timing in TDD UL/DL configuration 6.
· The grant-to-PUSCH timing in each table entry for special subframe configuration 0~9 is the subset of corresponding table entry for special subframe configuration 10. 
The difference between Alt-3 and Alt-4 is that,
· Alt-3 has UL_index in every UL grant DCI sent in every DL subframe and DwPTS, and therefore can provide more grant opportunities. 
· Alt-4 needs UL_index only in the UL grant DCI corresponding to the PUSCH transmitted in UpPTS in special subframe configuration 10. 
Because in the WI of UL capacity enhancement [3], the UL_index is already introduced to UL DCI that has nothing to do with the PUSCH grant in UpPTS in TDD UL/DL configuration 6 for (n+4) processing timing, there is no need to have such restriction as in Alt-4 for (n+3) processing timing. Therefore Alt-3 is preferred. 
In summary, UL HARQ timing for TDD UL/DL configurations 0 and 6 is proposed as following. 
Proposal 2:  For TDD UL/DL configurations 0 and 6, determine the TDD grant-to-PUSCH timing for (n+3) minimum processing timing in 1ms TTI as following.
· If (MSB, LSB) of UL_index is {1,0}: UE shall upon detection of a PDCCH with UL grant DCI in subframe n intended for the UE, adjust the corresponding PUSCH transmission in subframe n+k1.  
· If (MSB, LSB) of UL_index is {0,1}: UE shall adjust the corresponding PUSCH transmission in subframe n+k2.
· If (MSB, LSB) of UL_index is {1,1}: UE shall adjust the corresponding PUSCH transmission in both subframes n+ k1 and n+k2. 
where {k1, k2} are given in the following Table-7. UE does not adjust the corresponding PUSCH transmission in the subframe n+ k1 or n+k2 if the corresponding subframe is not a UL subframe or special subframe with special subframe configuration 10. 
Table-7: Timing {k1, k2} of grant-to-PUSCH in UL/DL configurations 0 and 6
	TDD UL/DL configuration 
	Subframe number n 

	
	0 
	1 
	2 
	3 
	4 
	5 
	6 
	7 
	8 
	9 

	0
	3,4 
	5,6 
	
	
	
	3,4 
	5,6 
	
	
	

	6
	3,4 
	5,6 
	
	
	
	3,6 
	5,6 
	
	
	3,4 


Table-8 lists the UL HARQ numbers for all TDD UL/DL configurations and all special subframe configurations. 
[bookmark: _Ref458005788]Table-8: Number of UL HARQ processes
	UL/DL
Configuration
	special subframe configuration

	
	0-9
	10

	0
	5
	7

	1
	3
	4

	2
	2
	3

	3
	3
	4

	4
	2
	3

	5
	1
	2

	6
	4
	6


Conclusion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]This contribution discusses the TDD HARQ-ACK timing for latency reduction with 1ms TTI, and proposes:
Proposal 1: TDD PDSCH-to-ACK timing for (n+3) minimum processing timing in 1ms TTI is given by following table.
Table: Downlink association set [image: ]: [image: ] for TDD
	UL/DL
Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	-
	3
	3
	-
	-
	-
	3
	3

	1
	-
	-
	3,6
	3
	-
	-
	-
	3,6
	3
	-

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

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

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

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

	6
	-
	-
	6
	4
	4
	-
	-
	6
	3
	-


Proposal 2:  For TDD UL/DL configurations 0 and 6, determine the TDD grant-to-PUSCH timing for (n+3) minimum processing timing in 1ms TTI as following.
· If (MSB, LSB) of UL_index is {1,0}: UE shall upon detection of a PDCCH with UL grant DCI in subframe n intended for the UE, adjust the corresponding PUSCH transmission in subframe n+k1.  
· If (MSB, LSB) of UL_index is {0,1}: UE shall adjust the corresponding PUSCH transmission in subframe n+k2.
· If (MSB, LSB) of UL_index is {1,1}: UE shall adjust the corresponding PUSCH transmission in both subframes n+ k1 and n+k2. 
where {k1, k2} are given in the following table. UE does not adjust the corresponding PUSCH transmission in the subframe n+ k1 or n+k2 if the corresponding subframe is not a UL subframe or special subframe with special subframe configuration 10. 
Table: Timing {k1, k2} of grant-to-PUSCH in UL/DL configurations 0 and 6
	TDD UL/DL configuration 
	Subframe number n 

	
	0 
	1 
	2 
	3 
	4 
	5 
	6 
	7 
	8 
	9 

	0
	3,4 
	5,6 
	
	
	
	3,4 
	5,6 
	
	
	

	6
	3,4 
	5,6 
	
	
	
	3,6 
	5,6 
	
	
	3,4 
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