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1. Introduction
At the RAN1 #86bis meeting, conclusion on the supported minimum processing timing for 1ms TTI was made as following [1]: 
	[bookmark: _Hlk458157043]Conclusion:
· No consensus to support a minimum processing time of n+2.



In addition, a WI on “UL Capacity Enhancements for LTE” introduced new UL HARQ/scheduling timing when the UE is configured with symPUSCH-UpPts (exact specification description is still not approved but draft version is copied below for reference):
	-	For TDD UL/DL configurations 1-5 and normal HARQ operation and UE configured with higher layer parameter symPUSCH-UpPts for the serving cell, the UE shall upon detection of a PDCCH/EPDCCH with uplink DCI format in subframe n intended for the UE, and/or a PHICH transmission intended for the UE in subframe n+l with l given in Table 8-2h, perform a corresponding PUSCH transmission in subframe n+k, with k given in Table 8-2g, according to the PDCCH/EPDCCH and/or PHICH information if a transport block corresponding to the HARQ process of the PUSCH transmission is generated as described in [8].
-	For TDD UL/DL configuration 6 and normal HARQ operation and UE configured with higher layer parameter symPUSCH-UpPts for the serving cell, the UE shall upon detection of a PDCCH/EPDCCH with uplink DCI format and/or a PHICH transmission in subframe n intended for the UE, perform a corresponding PUSCH transmission in subframe n+k if a transport block corresponding to the HARQ process of the PUSCH transmission is generated as described in [8] and if the MSB of the UL index in the PDCCH/EPDCCH with uplink DCI format is set to 1 or PHICH is received in subframe n, with k given in Table 8-2g. If, for TDD UL/DL configuration 6 and normal HARQ operation, the LSB of the UL index in the DCI format 0/4 is set to 1 in subframe n, the UE shall perform a corresponding PUSCH transmission in subframe n+6 if a transport block corresponding to the HARQ process of the PUSCH transmission is generated as described in [8]. If, for TDD UL/DL configuration 6, both the MSB and LSB of the UL index in the PDCCH/EPDCCH with uplink DCI format are set in subframe n, the UE shall perform a corresponding PUSCH transmission in both subframes n+ k and n+6 if a transport block corresponding to the HARQ process of the PUSCH transmission is generated as described in [8], with k given in Table 8-2g. The UE is not expected to receive LSB of the UL index in PDCCH/EPDCCH with uplink DCI format set to 1 in subframe n=9.
[…]
Table 8-2g: k for TDD configurations 0-6 and UE configured with symPUSCH-UpPts
	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
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Table 8-2h: l for TDD configurations 1-5 and UE configured with symPUSCH-UpPts
	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	1
	1
	0
	
	
	0
	1
	0
	
	
	0

	2
	
	2
	
	0
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	0
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	0
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	0
	0
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	1
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In this contribution, we discuss the DL HARQ timing and UL scheduling timing considering PUSCH transmission in UpPTS for 1ms TTI with focusing on minimum processing timing of n+3. Based on the timing design, we provide our views on the support of UL asynchronous HARQ operation and fallback mechanism.

2. FS1 HARQ/scheduling for shortened processing time for 1ms TTI
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 [3], with a certain kind of priority [4]. For FS1, new HARQ/scheduling timing needs to be introduced for 1ms TTI with processing time of n+3. As shown in Fig.1, for a PDSCH/UL grant transmitted in subframe n, the corresponding HARQ-ACK feedback/PUSCH is transmitted in subframe n+3.In this case, the average U-plane latency in downlink and uplink can be reduced to 3.6ms considering 10% BLER.
[image: ]

Fig.1 DL HARQ/UL scheduling timing for n+3 with FS1.

3. FS2 HARQ/scheduling for shortened processing time for 1ms TTI with/without PUSCH in UpPTS  
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. To support minimum timing of n+3, new HARQ timing/UL scheduling should be introduced for all the TDD UL-DL configurations. Below, the new DL HARQ timing is discussed which is followed by UL scheduling timing without and with PUSCH transmission in UpPTS. 
3.1 DL HARQ timing
DL HARQ timing: 
For DL HARQ timing between PDSCH and corresponding HARQ-ACK, following two design principles can be considered:
· Latency priority
· HARQ-ACK load balance priority
Taking TDD UL-DL configuration 6 as an example, the DL HARQ timing relationship considering the above design principles are illustrated in Fig.2 and Fig.3, respectively.
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Fig.2 DL HARQ timing for n+3 with TDD UL-DL configuration 6 for latency priority
For low latency priority principle with minimum timing of n+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. 
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Fig.3 DL HARQ timing for n+3 with TDD UL-DL configuration 6 for HARQ-ACK load priority

Based on the above design principles, the DL HARQ timing between PDSCH and corresponding HARQ-ACK for other TDD UL-DL configurations can be derived. The DL HARQ timing table for n+3 considering latency priority is shown in Table 1.

Table 1: DL association set K: {k0, k1, … kM-1} for TDD with the minimum timing of n+3
	UL/DL
	　Subframe n

	Configuration
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	-
	3
	3
	-
	-
	-
	3
	3

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

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

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

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

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

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




Similarly, the DL HARQ timing table for n+3 considering HARQ-ACK load priority is shown in Table 2.

Table 2: DL association set K: {k0, k1, … kM-1} for TDD with the minimum timing of n+3
	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
	3
	-

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

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

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

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

	6
	-
	-
	6
	4
	4
	-
	-
	6
	3
	-




Analysis of average HARQ RTT:
In this sub-section, we analyse the HARQ RTT for the design principles discussed above. Take TDD UL-DL configuration 6 as an example, the average HARQ RTT for n+3 considering latency priority principle as shown in Fig.2 can be calculated as: (6+8+6+6+6)/5=6.4ms. Using the same calculation method, the average HARQ RTT for the above HARQ design principle with respect to different TDD UL-DL configurations are shown in Table 3 and Table 4. For comparison, the average HARQ RTT for legacy processing time is also included in these tables.

Table 3: Average HARQ RTT for TDD UL-DL configuration 0 - 6 for n+3 with latency priority.
	Average HARQ RTT
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	The value of k
	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



Table 4: Average HARQ RTT for TDD UL-DL configuration 0 - 6 for n+3 with HARQ-ACK load priority.
	Average HARQ RTT
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	The value of k
	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



Comparing Table 3 and Table 4, it can be seen that there is no much difference between the average HARQ RTT of latency priority and that of HARQ-ACK load priority. However, using the HARQ-ACK load priority, lower uplink control overhead can be achieved. Therefore, from the latency and overhead point of view, HARQ-ACK load priority performs better than latency priority. 
Proposal 1:
· For 1ms TTI with shortened processing time, the new DL HARQ timing should take both latency and UCI balancing into consideration. 
· The new DL HARQ timing should be based on the HARQ-ACK load priority principle.
3.2 UL scheduling timing
3.2.1 FS2 without PUSCH in UpPTS
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Different from DL HARQ timing design, for UL scheduling timing, the number of scheduled UL subframes in one DL subframe and the latency needs to be considered. To reduce the specification impact and achieve lower latency as much as possible, except for TDD UL-DL configuration 0, it’s better not to introduce UL index in UL grant for other TDD UL-DL configurations. An example on UL scheduling timing for n+3 is shown in Fig.4.
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Fig.4 UL scheduling timing for n+3 with TDD UL-DL configuration 6

Based on the above design principle, the UL scheduling timing between UL grant and corresponding PUSCH for other TDD UL-DL configurations can be derived. The UL scheduling timing for the minimum timing of n+3 is shown in Table 5, where the UL grant scheduling PUSCH transmission in UL subframe n+k is transmitted in DL subframe n.
Table 5: k for TDD UL-DL configuration 0-6 for the minimum timing of n+3
	UL/DL
	Subframe n

	Configuration
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	3
	3,6
	-
	-
	-
	3
	3,6
	-
	-
	-

	1
	3
	-
	-
	-
	3
	3
	-
	-
	-
	3

	2
	-
	-
	-
	-
	3
	-
	-
	-
	-
	3

	3
	3
	3
	-
	-
	-
	-
	-
	-
	-
	3

	4
	3
	-
	-
	-
	-
	-
	-
	-
	-
	3

	5
	-
	-
	-
	-
	-
	-
	-
	-
	-
	3

	6
	4
	6
	-
	-
	-
	3
	6
	-
	-
	4



Analysis of average HARQ RTT:
Similar to the DL HARQ timing, taking UL scheduling timing illustrated in Fig.4 as an example, the average HARQ RTT for TDD UL-DL configuration 0 - 6 with the minimum timing of n+3 is presented in Table 6.
From Table 6, 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, since the uplink subframe(s) are/is limited in these configurations. However, even with these cases, one-way shorter latency can be achieved.
Table 6: 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
	3
	7
	7.5
	10
	9
	9.5
	10
	7

	
	4
	10.5
	10
	10
	10
	10
	10
	12



3.2.2 FS2 with PUSCH in UpPTS
As agreed in the WI “UL Capacity Enhancements for LTE”, PUSCH can be transmitted in 6-symbol (for NCP) or 5-symbol (for ECP) UpPTS; new UL scheduling timing table is also designed in this case. To reduce the specification impact and achieve lower latency as much as possible, besides TDD UL-DL configuration 0, TDD UL-DL configuration 6 contains more UL subframes than DL subframes when considering PUSCH in UpPTS. Hence, UL index may need to be introduced for TDD UL-DL configuration 6. An example for is shown in Fig.5 in which the special subframe is simply drawn as DwPTS and UpPTS.
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Fig.5 UL scheduling timing for n+3 with TDD UL-DL configuration 1 with PUSCH in UpPTS
The UL scheduling timing for TDD UL-DL configuration 0-6 with PUSCH transmission in UpPTS is shown in Table 7, where the UL grant scheduling PUSCH transmission in UL subframe n+k is transmitted in DL subframe n.

Table 7: k for TDD UL-DL configuration 1-5 with PUSCH in UpPTS for the minimum timing of n+3
	UL/DL
	Subframe n

	Configuration
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

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

	1
	3
	5
	-
	-
	3
	3
	5
	-
	-
	3

	2
	-
	-
	-
	3
	3
	-
	-
	-
	3
	3

	3
	3
	3
	-
	-
	-
	-
	-
	-
	3
	3

	4
	3
	-
	-
	-
	-
	-
	-
	-
	3
	3

	5
	-
	-
	-
	-
	-
	-
	-
	-
	3
	3

	6
	4,6
	6,5

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



Analysis of average HARQ RTT:
The average HARQ RTT for TDD UL-DL configuration 0 - 6 with PUSCH in UpPTS for the minimum timing of n+3 is presented in Table 9. In addition, we also show the average HARQ RTT for FS2 with PUSCH in UpPTS with legacy processing timing.
From Table 9, we can see that for 1ms TTI with PUSCH in UpPTS, lower latency can be achieved with shortened processing time in many cases, if new scheduling timing is introduced appropriately. Note that for TDD UL-DL configurations 3-5, average HARQ RTT is not shortened, since the uplink subframes are limited in these configurations. However, even with these cases, one-way shorter latency can be achieved.
Table 9: 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
	3
	8.75
	6.67
	7.5
	10
	10
	10
	8.57

	
	4
	11.25
	10
	10
	10
	10
	10
	11.43



Proposal 2: 
· For 1ms TTI with shortened processing time, above new UL scheduling timing can be considered to reduce the scheduling latency for FS2 without/with PUSCH in UpPTS.

4. PHICH-less asynchronous UL HARQ
The remaining issues for asynchronous UL HARQ is to determine the bit lengths for the HPN field and RV field. When applying the minimum processing timing of n+3, for FS1, the maximum HARQ process number is 6. While for FS2, the maximum HARQ process number for different TDD UL-DL configurations with/without PUSCH transmission in UpPTS is summarized in Table 10. The actual number of HPN field is FFS and should be determined taking into account the asynchronous UL HARQ for shortened TTI operation.

Table 10: Maximum HARQ process number for TDD UL-DL configuration 0-6
	HARQ process number
	TDD UL-DL configurations

	
	0
	1
	2
	3
	4
	5
	6

	W/o PUSCH in UpPTS
	5
	3
	2
	3
	2
	1
	4

	W PUSCH in UpPTS
	7
	4
	3
	4
	3
	2
	6



As can be seen, for both FS1 and FS2, at least 3-bit HPN field is needed. Regarding the RV field, similar as eLAA, 2 bits can be introduced which is common to both TBs if UL-MIMO is applied.

Proposal 3: 
· For both FS1 and FS2 with asynchronous UL HARQ, 
· At least 3-bit HPN field is defined in the applicable DCI messages.
· 2-bit RV field is defined in the applicable DCI message which is common to both TBs. 

5. Fallback to legacy processing time
Support of fallback operation from n+3 to n+4 was agreed at RAN1#87 meeting. The fallback to n+4 should be enabled at least by using common search space; if a UE configured with sPT for 1ms TTI detects DL assignment and/or UL grant scheduling unicast PDSCH and/or PUSCH on common search space, the UE shall apply non-sPT (i.e., legacy) behavior for these data scheduling. This ensures keeping common/legacy UE behavior even if the UE is configured with sPT for 1ms TTI for some specific cases, e.g., RRC reconfiguration period.
However, in the actual cases, it is not preferable to use common search space to schedule DL assignment and/or UL grant for unicast data scheduling. Whole resources in the common search space is shared by all the UEs in the serving cell and hence is not large enough. In this sense, it is preferable to support a fallback mechanism in addition to the use of common search space usage.
It was proposed to determine whether n+3 or n+4 is determined according to CRC masking [5]. A UE configured with sPT for 1ms TTI monitors PDCCH in UE-specific search space with and without CRC masking. Then, if the DL assignment and/or UL grant detected in the UE-specific search space has CRC masked by a specific sequence, then shortened processing time n+3 is applied. Otherwise, legacy processing time n+4 is applied. We consider this is a reasonable approach.
Proposal 4:
· Additional mechanism to enable fallback is supported.
· When a UE is configured with sPT for 1ms TTI, the UE performs blind decodes of DL assignment and UL grant whose CRC is masked by a specific sequence.
· If the CRC is masked by the sequence, shortened legacy processing time (n+3) is applied.
· If the CRC is not masked by the sequence, legacy reduced processing time (n+4) is applied.

6. Conclusion
In this contribution, we discussed HARQ and scheduling aspects for shortened processing time for 1ms TTI, and made following proposals: 
Proposal 1:
· For 1ms TTI with shortened processing time, the new DL HARQ timing should take both latency and UCI balancing into consideration. 
· The new DL HARQ timing should be based on the HARQ-ACK load priority principle.
Proposal 2: 
· For 1ms TTI with shortened processing time, above new UL scheduling timing can be considered to reduce the scheduling latency for FS2 without/with PUSCH in UpPTS.
Proposal 3: 
· For both FS1 and FS2 with asynchronous UL HARQ, 
· At least 3-bit HPN field is defined in the applicable DCI messages.
· 2-bit RV field is defined in the applicable DCI message which is common to both TBs. 
Proposal 4:
· Additional mechanism to enable fallback is supported.
· When a UE is configured with sPT for 1ms TTI, the UE performs blind decodes of DL assignment and UL grant whose CRC is masked by a specific sequence.
· If the CRC is masked by the sequence, shortened legacy processing time (n+3) is applied.
· If the CRC is not masked by the sequence, legacy reduced processing time (n+4) is applied.

References
[1] [bookmark: _Ref464574546]3GPP, RAN1#86bis Chairman’s note.
[2] [bookmark: _Ref465322818][bookmark: OLE_LINK6][bookmark: OLE_LINK7]3GPP, RAN1#86 Chairman’s note.
[3] [bookmark: _Ref465414391][bookmark: _Ref465409659]RP-161299, ‘New Work Item on shortened TTI and processing time for LTE,’ Ericsson.
[4] [bookmark: _Ref465414402]RP-161920, ‘WF on the scope and timeline of shortened TTI and processing time for LTE,’ Sep. 2016
[5] R1-1702773, ‘Views on shortened processing time for 1ms TTI,’ NTT DOCOMO, INC.
- 9/9 -
image1.png




