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1 Introduction

In the WI on Short TTI and reduced processing [1], reduced processing time for 1ms TTI should be specified. In RAN1#86 the following agreement was made.

· 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.

· 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 this contribution, we discuss further the new DL HARQ and UL scheduling timing relations that are needed with 1ms TTI and reduced processing time operation leading to a n+3 timing.
2 Discussion
Different timings are specific to TDD: 

· DL HARQ timing (which UL subframe contains the HARQ feedback of PDSCH)
· UL Scheduling timing (which DL subframe schedules PUSCH in a given UL subframe)

· UL HARQ timing (which DL subframe contains the HARQ feedback of PUSCH)

For 1ms TTI operation with reduced processing time asynchronous HARQ was agreed in RAN1#86. In the following we thus discuss DL HARQ timing and scheduling timing for 1ms TTI with reduced processing time.
2.1 DL HARQ timing

With the new timing of n+3 agreed for 1ms TTI, the DL HARQ timing for TDD needs to be revised to capture the latency improvement. The HARQ feedback of a DL subframe n is expected to be received in the UL subframe n + k, where k >= 3 with the agreement in RAN1#86. In LTE TDD, the HARQ feedback cannot always be sent exactly at n + 3 and the HARQ timing needs to be specified per TDD UL/DL configuration and subframe index as it was done for the legacy timing for n+4 in Table 10.1.3.1-1 in [2]. The specified table does not always result in the first available UL subframe being used to transmit the HARQ feedback of multiple DL subframes. Low latency was not the only criterion when producing this table.  The other criterion is a good distribution of the HARQ feedback of multiple DL subframes over all available UL subframes. This avoids bundling of many subframes’ HARQ feedback in the same UL subframe but comes at the cost of some extra delay before receiving the HARQ feedback. For 1ms TTI with reduced processing time, similar design issues need to be solved and a new DL HARQ timing table needs to be defined. 
Proposal 1: 
Specify a new DL HARQ-timing table for TDD with 1ms TTI and reduced processing time operation.
Observation 1: 
Both the HARQ payload balancing over the available UL subframes and the achievable reduced delay should be considered when deciding the new DL HARQ timing.
Figure 1 shows an example with two alternatives for defining the DL HARQ timing for TDD UL/DL configuration 3 assuming a n+ 3 timing. With alternative (a) the lowest latency is achieved by sending DL HARQ feedback in the first UL subframe at or after n + 3. In this example, out of the three UL subframes of this configuration, one UL subframe carries HARQ feedback for 5 DL subframes while the other two UL subframes carry only HARQ feedback for a single DL subframe. With alternative (b) a better balancing of the HARQ feedback payload over the available UL subframes is achieved. Two UL subframes carry HARQ feedback for 2 DL subframes and one UL subframe carries HARQ feedback for 3 DL subframes. If alternative (a) is chosen, HARQ bundling with a small sPUCCH format can be used or a large PUCCH format is needed. However, HARQ bundling of 5 DL subframes may not always be a good choice for minimizing latency since if a NACK is received, all 5 DL subframes need to be retransmitted causing extra delay. Another aspect to consider when deciding which alternative to choose is the actual gains in terms of latency that alternative (a) brings over alternative (b). Comparing the average delay before getting the HARQ feedback at the eNB, a reduction of 27.3% and 23% is achieved with alternative (a) and (b) respectively compared to legacy HARQ timing with the n + 4 rule. Considering this small difference, the payload balancing approach is more attractive for TDD UL/DL configuration 3. A similar situation happens for TDD UL/DL configuration 4 where the payload balancing approach has clearer advantages than the latency-optimized approach. This is depicted in Figure 2.
Proposal 2: 
For TDD UL/DL configurations 3 and 4, the payload balancing approach is selected
However, a payload balancing approach does not always provide advantages over the latency-optimized approach. Considering TDD UL/DL configuration 6 for instance, Figure 3 shows that in the latency-optimized approach with a n+ 3 timing, an UL subframe carries HARQ feedback for at most two DL subframes which can well be handled with HARQ bundling. In addition, the average delay before getting the HARQ feedback at the eNB reduces by 45.5% with alternative (a) compared to legacy HARQ timing while it reduces by 30.3% with alternative (b). For TDD UL/DL configuration 6, the latency-optimized approach is more attractive. 
Proposal 3: 
For TDD UL/DL configuration 6, the latency-optimized approach is selected.
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Figure 1
Different possibilities for defining DL HARQ timing for TDD UL/DL configuration 3 and k = 3
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Figure 2
Different possibilities for defining DL HARQ timing for TDD UL/DL configuration 4 and k = 3
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Figure 3
Different possibilities for defining DL HARQ timing for TDD UL/DL configuration 6 and k = 3
Another aspect to consider is the need to change the HARQ timing for all TDD UL/DL configurations. For instance for TDD UL/DL configuration 5, changing the HARQ timing to capture the reduced processing time has only minor impact as there is a single UL subframe per 10ms frame that can carry HARQ feedback. The average delay before getting the HARQ feedback at the eNB would only reduce by 13.3% with k=3 compared to legacy HARQ timing. However, since a new TDD HARQ timing is beneficial for the other TDD UL/DL configurations, the timing for TDD UL/DL configuration 5 can as well be changed.
Table 1 proposes DL association set index assuming a minimum time of n + 3. It indicates the index of the DL subframes for which DL HARQ feedback is expected per UL subframe and TDD UL/DL configuration. For TDD UL/DL configurations 0, 1, 2 and 5 the latency-optimized approach and payload balancing approach lead to the same DL association set index. For TDD UL/DL configurations 3, 4 and 6, they are different as explained above and Table 1 is based on the proposals 3 and 4 above.
Proposal 4: 
The downlink association set index given in Table 8 for a n+3 timing is specified.

Table 1 Downlink association set index
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 for TDD with 1ms TTI and reduced processing time k0 = 3 (trade-off between latency-optimized and load-balancing approaches)

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

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

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

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


2.1.1 HARQ feedback in case of carrier aggregation 
If a new HARQ timing table is defined for the reduced processing time of n+3, existing rules for HARQ feedback in case of carrier aggregation should be reused if they are in line with the objectives of the work item. Examples are:
· In case of carrier aggregation with cross-carrier scheduling, the HARQ timing for the scheduled cell should follow the entry in the new HARQ timing table given for the scheduling cell’s UL/DL configuration.
· In case of carrier aggregation with self-scheduling and PUCCH transmitted on the same cell as the assigned PDSCH, the HARQ timing for PDSCH transmission on the cell follows the entry in the new HARQ timing table given for the TDD UL/DL configuration configured for the cell where the PDSCH transmission occurred.

In case of carrier aggregation with self-scheduling and PUCCH transmitted on another cell, the current method is to read the HARQ timing for a Scell with a different UL/DL configuration than the cell with PUCCH from the entry in the HARQ timing table defined for a DL-reference UL/DL configuration. This DL-reference UL/DL configuration is determined on the pair formed by ( UL/DL configuration for the cell with PUCCH, secondary cell UL/DL configuration) and is given in Table 10.2-1 of [2]. The same method can be reused for the n+3 timing in case of carrier aggregation with PUCCH transmitted on another cell than the cell assigning PDSCH. Table 10.2-1 of [2] is not timing-dependent and can be used for defining the reference configuration for a given cell. Once the reference UL/DL configuration of the cell is known, the HARQ feedback for PDSCH transmission on the cell is transmitted in the UL subframe of the cell with PUCCH following the new HARQ timing relations for the n+3 timing (for instance as proposed in Table 1). An example is given in Figure 4 where the cell with PUCCH is the Pcell and is using TDD UL/DL configuration 0 while the cell with the assigned PDSCH is a Scell using TDD UL/DL configuration 1. In that case, the reference UL/DL configuration for Scell is UL/DL configuration 1 according to Table 10.2-1 of [2].  The arrows from the DL subframes of the Scell to the UL subframes of the Pcell illustrates the resulting HARQ timing for this particular example. It can be seen that the method currently specified for the case of carrier aggregation with PUCCH transmitted only on the Pcell can be applied as is for the newly agreed n+3 timing.
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Figure 4
DL HARQ timing of Scell using a TDD UL/DL configuration 1 while Pcell uses TDD UL/DL configuration 0. Both cells follow n+3 timing.
Observation 2: 
The existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted on another cell than the assigned PDSCH can be applied as is for the newly agreed n+3 timing.
However, Figure 4 reveals that the existing method is not optimized from a latency perspective. Indeed, even though an UL subframe is available on the Pcell 3ms after the special subframes of the Scell, the HARQ feedback for the special subframes is sent 6ms later due to the existing rule that mandates to follow the timing of UL/DL configuration 1 in this case. Another drawback of the existing method is the payload balancing of the HARQ feedback of the Scell that is not considered. In the example given in Figure 4 six DL transmissions per subframe on the Scell are acknowledged using only 4 out of 6 UL subframes available in the Pcell. Since neither latency nor payload balancing are optimized using the current method, it is thus worth exploring if alternative methods could improve one or both of these criterions. Especially the latency optimization is of importance in this WI on shortened TTI and processing time for LTE.
Observation 3: 
The existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted on another cell than the assigned PDSCH leads neither to shorter latency nor to better payload balancing. 

Proposal 5: 
Consider alternatives to the existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted only on another cell than the assigned PDSCH 
A latency-optimized alternative rule in case of carrier aggregation and PUCCH sent only on Pcell could be formulated as follows. The HARQ feedback for DL subframe n on Scell shall be sent in the earliest UL subframe on Pcell fulfilling n + k with k >=3. Since both UE and eNB know the Pcell and Scell configuration, they both can deduce when the HARQ feedback for a PDSCH on Scell is expected. Figure 5 shows the outcome of such a new rule. Due to the quicker feedback for the Scell special subframes the average HARQ feedback delay for Scell is reduced by 25% compared to the existing rule depicted in Figure 4. In addition, in this case the latency-optimized rule also offers a better payload balancing of the Scell DL subframes’ HARQ feedback.
Observation 4: 
A simple rule such as “The HARQ feedback for DL subframe n on Scell is sent in the earliest UL subframe on Pcell fulfilling n + k with k >=3” provides the HARQ feedback delay. 
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Figure 5
DL HARQ timing of Scell using a TDD UL/DL configuration 1 while Pcell uses TDD UL/DL configuration 0. Both cells follow n+3 timing.
2.2 UL scheduling timing
UL scheduling timing refers to the time relation between a received UL grant in a DL subframe n and the UL transmission in an UL subframe n + k. In RAN1#86 k>= 3 for UEs capable of operating with reduced processing time was agreed. With legacy scheduling timing of k >= 4 and for TDD DL/UL configurations 1-6, the value of k is given in Table 8-2 in [2]. For DL/UL configuration 0, the value of k also depends on the MSB and LSB of the UL index in the UL DCI received at subframe n.

With 1ms TTI and reduced processing time, a new UL scheduling timing table needs to be defined for TDD. Since there are fewer UL subframes than DL subframes in most configurations, the design of the UL scheduling timing can be simpler than the one of DL HARQ timing. The UL scheduling timing for TDD UL/DL configuration 0 that counts more UL subframes than DL subframes can be based on MSB and LSB of the UL index field as in legacy LTE TDD. 

Proposal 6: 
Specify a new UL scheduling-timing table for TDD with 1ms TTI and reduced processing time operation
Proposal 7: 
Reuse the 2 bits UI field in UL DCI for TDD UL/DL configuration 0 with 1ms TTI and reduced processing time operation
Table 2 proposes k of the UL scheduling timing for TDD configurations 0-6 assuming a minimum time of n + 3. It indicates the index of the UL subframe n + k for which an UL data transmission is expected upon reception of an UL grant in the DL subframe n. 

Table 2 
UL scheduling timing for TDD with 1ms TTI and reduced processing time k0 = 3 (latency optimized)

	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	4
	6
	
	
	
	4
	6
	
	
	

	1
	3
	
	
	
	3
	3
	
	
	
	3

	2
	
	
	
	
	3
	
	
	
	
	3

	3
	3
	3
	
	
	
	
	
	
	
	3

	4
	3
	
	
	
	
	
	
	
	
	3

	5
	
	
	
	
	
	
	
	
	
	3

	6
	4
	6
	
	
	
	3
	6
	
	
	4


2.2.1 Scheduling timing in case of carrier aggregation
In case of carrier aggregation with self-scheduling, the scheduling timing for PUSCH transmission on a given cell follows the scheduling timing of the TDD UL/DL configuration configured for this cell.
In case of carrier aggregation with cross-carrier scheduling of a Scell and legacy timing of n+4, the scheduling timing for a cross-scheduled Scell with a different UL/DL configuration than the scheduling cell shall follow the HARQ timing defined for an UL reference UL/DL configuration. This UL reference UL/DL configuration is determined on the pair formed by (scheduling serving cell UL/DL configuration, scheduled cell UL/DL configuration) and is given in Table 8-0A of [2]. Since Table 8-0A is not timing-dependent, it can be used to determine the scheduling timing of a cross-scheduled Scell with the new n+3 timing as well. Once the UL reference UL/DL configuration of the Scell is known, PUSCH transmission on this Scell follows the new scheduling timing relations for the n+3 timing (for instance as proposed in Table 2).

3 Conclusion

In section 2, we made the following observations:
Observation 1: 
Both the HARQ payload balancing over the available UL subframes and the achievable reduced delay should be considered when deciding the new DL HARQ timing.
Observation 2: 
The existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted on another cell than the assigned PDSCH can be applied as is for the newly agreed n+3 timing.
Observation 3: 
The existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted on another cell than the assigned PDSCH leads neither to shorter latency nor to better payload balancing. 

Observation 4: 
A simple rule such as “The HARQ feedback for DL subframe n on Scell is sent in the earliest UL subframe on Pcell fulfilling n + k with k >=3” provides the HARQ feedback delay. 
Based on the discussion in section 2 we propose the following:
Proposal 1: 
Specify a new DL HARQ-timing table for TDD with 1ms TTI and reduced processing time operation.

Proposal 2: 
For TDD UL/DL configurations 3 and 4, the payload balancing approach is selected

Proposal 3: 
For TDD UL/DL configuration 6, the latency-optimized approach is selected.
Proposal 4: 
The downlink association set index given in Table 8 for a n+3 timing is specified.
Proposal 5: 
Consider alternatives to the existing method specified for the case of carrier aggregation with self-scheduling and PUCCH transmitted only on another cell than the assigned PDSCH 
Proposal 6: 
Specify a new UL scheduling-timing table for TDD with 1ms TTI and reduced processing time operation
Proposal 7: 
Reuse the 2 bits UI field in UL DCI for TDD UL/DL configuration 0 with 1ms TTI and reduced processing time operation
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