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1 Introduction
In RAN1#86 meeting [1], processing time reduction and related issues were discussed in latency reduction, and the following items were agreed regarding processing time reduction:
Agreement:

· For FS1,2&3, a minimum timing n+3 is supported for UL grant to UL data and for DL data to DL HARQ for UEs capable of operating with reduced processing time with only the following conditions: 

· A maximum TA is reduced to x ms, where x <= 0.33ms (exact value FFS); 

· At least when scheduled by PDCCH 

· For FS2, new DL HARQ and UL scheduling timing relations will be defined

· Details FFS

· FFS:

· Possible minimum timing of n+2 TTI

· FFS max TA in this case

· FFS what other restrictions (if any) on when reduced processing times of n+2 could be applied

· Possibility of scheduling by EPDCCH.
Agreement:

· Reduced processing time(s) are RRC configured for the UE

· Working assumption: A mechanism for dynamic fallback to legacy processing timings (n+4) is supported

· Details FFS

· Working assumption can be revisited if it is not found to be feasible
Agreement:

· PHICH-less asynchronous HARQ for UL is used for 1 ms TTI with shortened processing time 

· For FS1 and FS2, bit fields are defined in the applicable DCI messages to indicate HARQ processes ID and RV 

· No change in FS3 asynchronous UL HARQ operation

In RAN1#86bis meeting [2], the minimum processing time was further discussed with the following conclusion:
Conclusion

· No consensus to support a minimum processing time of n+2 

In  RAN1 #87 meeting [3], the following agreement was made:

Agreement
· For 1 ms TTI shortened processing, support fallback to legacy processing timing n+4 by the search space, i.e.  DCI for processing time n+3 are carried in USS of PDCCH and DCI for processing time n+4 are carried in CSS of PDCCH.
· For PDSCH the HARQ processes of n+3 1ms TTI and n+4 1ms TTI are shared
· FFS: Possible PUSCH HARQ processes sharing between n+3 1ms TTI and n+4 1ms TTI
· FFS: UE behaviour in case of n+3 and n+4 collision
· Note: It is not expected that the eNB will often change between n+3 and n+4 scheduling timing
In this contribution, we mainly discuss issues about the HARQ and scheduling timing design for LTE processing timing reduction with 1ms TTI. 
2 Discussion
New HARQ and scheduling timing design
Generally, there are two options can be considered for new HARQ and scheduling timing as below:

· Option 1: Predefined implicit timing
As in current LTE, implicit timing is defined for FDD and for each UL-DL configuration in TDD, timing for DL data to DL HARQ is shown in table 1. The new timing for LTE processing timing reduction with 1ms TTI can be defined based on the current principle. Table 2 shows the DL HARQ timing example for each UL-DL configuration in TDD, assuming the minimum timing between PDSCH and HARQ-ACK feedback is reduced from 4ms to 3ms. Similarly, the timing for UL grant to UL data can be defined based on the reduced minimum processing time. Timing for UL grant to UL data in current LTE is shown in table 3. The new timing is given in table 4 when the minimum timing between UL grant and PUSCH transmission is reduced from 4ms to 3ms.
Table 1: Downlink association set [image: image1.wmf]K
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 for TDD in current LTE

	UL/DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	6
	-
	4
	-
	-
	6
	-
	4

	1
	-
	-
	7, 6
	4
	-
	-
	-
	7, 6
	4
	-

	2
	-
	-
	8, 7, 4, 6
	-
	-
	-
	-
	8, 7, 4, 6
	-
	-

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

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

	5
	-
	-
	13, 12, 9, 8, 7, 5, 4, 11, 6
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	7
	7
	5
	-
	-
	7
	7
	-


Table 2: Downlink association set index
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 for TDD with minimum k=3
	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
	-
	-
	7, 4, 3, 6
	-
	-
	-
	-
	7, 4, 3, 6
	-
	-

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

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

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

	6
	-
	-
	6
	4
	4
	-
	-
	6
	3
	-


Table 3: k for TDD configurations 0-6 in current LTE

	UL/DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	4/7
	6/7
	
	
	
	4/7
	6/7
	
	
	

	1
	
	6
	
	
	4
	
	6
	
	
	4

	2
	
	
	
	4
	
	
	
	
	4
	

	3
	4
	
	
	
	
	
	
	
	4
	4

	4
	
	
	
	
	
	
	
	
	4
	4

	5
	
	
	
	
	
	
	
	
	4
	

	6
	7
	7
	
	
	
	7
	7
	
	
	5


Table 4: k for TDD configurations 0-6 with minimum k=3
	UL/DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	3/4
	3/6
	
	
	
	3/4
	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


With this option, the new timing table should be defined in specification. Furthermore, how to allocate the PUCCH resource should be considered. The PUCCH resource could be either explicit resource or implicit resource. In FDD, due to the HARQ timing is different from the legacy in every subframe, so the legacy implicit PUCCH resource cannot be reused. New implicit or explicit PUCCH resource should be defined to avoid the resource collision between UEs using the legacy and new HARQ timing. 

Similarly, new implicit or explicit PUCCH resource could also be defined for TDD system. One difference from FDD system is that, in TDD there could be two types of DL subframes, i.e. type 1: DL subframes sharing the same HARQ timing with the legacy (e.g. subframes corresponding to red numbers in table 2 and table 3); type 2: DL subframe using different HARQ timing than the legacy (e.g. subframes corresponding to black numbers in table 2 and table 3). For the type 1 subframes, it can be considered to reuse the legacy implicit PUCCH resource to improve the resource utilization. However, such optimization will likely introduce significant efforts, which makes the specification and implementation extremely complicated, especially considering the co-existence of different types of UEs as the following. Therefore, the legacy implicit PUCCH resource should not be reused. 

· Legacy HARQ timing UEs without eIMTA enabled

· Legacy HARQ timing UEs with eIMTA enabled

· New HARQ timing UEs without eIMTA enabled

· New HARQ timing UEs with eIMTA enabled

Observation 1: For LTE processing timing reduction with 1ms TTI, if implicit HARQ timing is adopted, new PUCCH resource for HARQ-ACK feedback should be defined either implicitly or explicitly. 

By defining the new timing table for each TDD UL-DL configuration, only fixed timing is supported. As discussed by some contributions, the design of the table can be either optimized for latency or ACK/NACK load balancing. It is expected that latency performance will be compromised if load balancing is considered a more important factor, or vice versa. However, as the deployment scenario for the latency reduction feature can be wide, covering the macro and small cell deployment with lower or higher traffic load. In all the scenarios, the UL feedback load balancing is not always necessary, e.g. in the low traffic load scenarios. Therefore if the load balancing principle is used when designing the implicit timing table, the latency performance will be degraded. 

For example, when TDD UL-DL configuration 6 is used, UL subframe #7 in frame n carry the feedback information of subframe #1 in frame n when feedback bits balancing is used in defining the timing table. However, when the minimum k equals to 3, the earliest feedback position of subframe #1 in frame n can be UL subframe #4 in frame n, the feedback delay can be reduced from 6ms to 3ms. 
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Figure 1: HARQ timing for TDD UL-DL configuration 6 with minimum k=3
Observation 2: Implicit HARQ timing for TDD may cause long latency in some cases.
· Option 2: Dynamic explicit timing
For short TTI, it has been proposed that scheduling or feedback timing is indicated dynamically, e.g., the timing for UL grant to UL data and for DL data to DL HARQ is n + k + m and m is indicated in DCI. Therefore the same solution can be applied to the processing timing reduction with 1ms TTI length, as these UEs should also be short TTI capable, according to the previous agreements. By this way, there is no need to define new implicit HARQ timing table in the specification. Furthermore, in this case, the implicit PUCCH resource allocation is not applicable due to the uncertainty of actual feedback timing, otherwise, significant PUCCH resource waste will happen. Similarly, the UL scheduling timing can also be explicitly indicated in UL grant. 

By using dynamic explicit timing, eNB can be flexible to use the optimal timing according to the scenarios, for example low latency can be achieved by indicating the minimum scheduling/HARQ latency in case of low traffic load where load balancing is not a issue. If the system is running in a high load scenario, load balancing of feedback channel can be achieved by proper scheduling implementation.
Observation 3: For LTE processing timing reduction with 1ms TTI, if dynamic explicit HARQ timing is adopted, only explicit PUCCH resource for HARQ-ACK feedback should be considered.  
Observation 4: Explicit HARQ and scheduling timing is the most flexible and simple method.
Forward compatibility with additional DL/UL switching and special subframe in FS2
As discussed in [4], having more DL-UL switching points within each radio frame can provide significant UPT gain. Hence, it is possible that new special subframe will be introduced in Rel-15 as per SI recommendation. From forward compatibility perspective, the HARQ and scheduling timing design for 1ms TTI with processing time reduction should also consider the efficient inclusion of new special subframe later on. For UEs with 1ms TTI transmission, it is assumed that both DL and UL data can be transmitted in normal DL or UL subframe and special subframe and PUCCH is only transmitted in normal UL TTI. Since otherwise, there is no difference between 1ms TTI with processing time reduction and slot-level TTI case, if even PUCCH uses slot based TTI. It is further assumed that only UL subframe in SIB-1 TDD UL-DL configuration can be changed to new special subframe to keep the backward compatibility with Rel-8 UEs. 
When predefined implicit timing is used, similar with eIMTA, reference configuration can be defined for UL scheduling timing or DL HARQ timing. When SIB-1 TDD UL-DL configuration 0 is used, it is assumed that all UL subframe except subframe #2 can be used as new special subframe. If the usage of new special subframe in subframe #3/4/7/8/9 is in accordance with one of the current TDD UL-DL configuration (in other words, when all the DL subframe in current TDD UL-DL configuration in subframe #3/4/7/8/9 is used as new special subframe), the TDD UL-DL configuration can be used as the DL HARQ reference configuration. 
However, for other new special subframe combinations, a DL HARQ reference configuration can be chosen, but may lead to larger feedback delay. For example, when subframes #3/7/8/9 are used as special subframes, if TDD UL-DL configuration 5 is used as DL HARQ reference configuration, only subframe #2 can be used for feedback. If new DL HARQ timing is defined in this case, both the UL subframe #2 and #4 can be used for feedback, then the feedback delay can be reduced. As shown in figure 2, assuming the minimum timing between PDSCH and HARQ-ACK feedback is 3ms, then 
1) In case 1, when TDD UL-DL configuration 5 is used as DL HARQ reference configuration, UL subframe #2 in frame n carry the feedback information of subframe #0/1/3/5/6/7/8/9 in frame n-1; 
2) In case 2, new HARQ timing is defined, then UL subframe #2 in frame n can carry the feedback information of subframe #3/5/6/7/8/9 in frame n-1 and UL subframe #4 in frame n-1 can carry the feedback information of subframe #0/1 in frame n-1, hence, the feedback delay of subframe #0/1 in frame n-1 is reduced from 12/11 ms to 4/3 ms, which greatly enhance the feedback delay performance.
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Figure 2: HARQ timing for additional TDD special subframe
For UL scheduling timing, PHICH-less asynchronous HARQ for UL has been agreed for 1ms TTI with processing time reduction, if SIB-1 configuration 0 is used as UL scheduling reference timing, from the perspective of the latency of UL scheduling, it also has worst performance, since the new special subframe can only send the DL grant but not UL grant.
Considering that there are at most 31 combinations of different new special subframe configurations, it is hard to define the optimal DL HARQ or UL scheduling timings for each combination. Therefore, if implicit timing table is agreed, then if additional special subframe is introduced in the future, we will have to suffer from degraded performance given the assumption that it is not possible to define tens of timing tables in the spec optimized for each new special subframe configuration. 
On the other hand, when dynamic explicit timing is used, eNB can flexibly indicate the specific DL HARQ or UL scheduling timing, hence there is no issue for additional special subframe. Meanwhile, eNB can indicate the feedback position as the closest UL subframe to get the minimum latency, or later UL subframe to get balanced feedback bits. Hence, the dynamic explicit timing is proposed for 1ms TTI with processing time reduction.
Observation 5: From the perspective of forward compatibility with additional DL/UL switching and special subframe in FS2, it is difficult to define DL HARQ or UL scheduling timings for all special subframe configurations to get the best delay performance.
Proposal 1: Dynamic explicit timing is proposed for 1ms TTI with processing time reduction.
New HARQ Timing Management
For CA or DC scenario, whether the processing time in different carriers can be different should be considered. In our opinion, firstly, the TA value in different carriers may be different such as in remote radio head scenario, and secondly, some CCs may belong to the gNBs which do not configure or support the new processing time. Hence, it should be allowed to configure shortened processing time per carrier.
Proposal 2: The shortened processing time should be configured per carrier.
3 Conclusion
In this contribution, we discuss the HARQ and scheduling timing design for LTE processing timing reduction with 1ms TTI. The above discussion is summarized with the following observations and proposal:
Observation 1: For LTE processing timing reduction with 1ms TTI, if implicit HARQ timing is adopted, new PUCCH resource for HARQ-ACK feedback should be defined either implicitly or explicitly. 
Observation 2: For LTE processing timing reduction with 1ms TTI, if dynamic explicit HARQ timing is adopted, only explicit PUCCH resource for HARQ-ACK feedback should be considered.  
Observation 3: From the perspective of forward compatibility with additional DL/UL switching and special subframe in FS2, it is difficult to define DL HARQ or UL scheduling timings for all special subframe configurations to get the best performance.
Proposal 1: Dynamic explicit timing is proposed for 1ms TTI with processing time reduction.
Proposal 2: The shortened processing time should be configured per carrier.
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Case 1: TDD UL-DL configuration 5 as DL HARQ reference configuration
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