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1
Introduction
In RAN1#67 meeting, following agreements and conclusions were made as following:
· The number of supported bands
· keep the number of supported bands agnostic to RAN1 

· Strive for common solution for different numbers of UL-DL configurations

· Focus on 2 configuration case

The HARQ timing rules is as follows,
· Option 1: Additional HARQ-ACK timing is added, in addition to existing HARQ-ACK timing in Rel-8/9/10.
· Option 2: No new HARQ-ACK timing. 
· Here “no new HARQ-ACK timing” means no new HARQ-ACK timing table beyond those already defined in Rel-8/9/10. The application of H-ARQ-ACK timing of one TDD UL-DL configuration for a CC to another CC with a different TDD UL-DL configuration is FFS.
· Working assumption is option 2. FFS if there are cases where additional timing is needed or is beneficial.

· PHICH is transmitted on the cell carrying the UL grant.
· RAN1 solution should support both full-duplex and half-duplex.
· Strive for a common solution for both full-duplex and half-duplex

· For PUCCH transmission, working assumption is PUCCH on PCell-only.

· The scheduling timing for Rel-11 inter-band CA for supporting different TDD UL-DL configuration is proposed as follows,

· For non cross-carrier scheduling, the same Rel8/9/10 scheduling timing should be used.
· For the mapping rule of DL Grant and PDSCH transmission (downlink)

· DL Grant and PDSCH are in the same TTI.

· For the mapping rule of UL Grant and PUSCH transmission (uplink)

· Same scheduling timing rule in Rel8/9/10 should be used.

· For cross-carrier scheduling, if cross-carrier scheduling is supported 
· For the mapping rule of DL Grant and PDSCH transmission (downlink)

· DL Grant and PDSCH are in the same TTI.

· Multi-TTI/cross-subframe scheduling is FFS.

· For the mapping rule of UL Grant and PUSCH transmission (uplink) FFS
Based on these assumptions and agreements, common solutions for each HARQ problem for both half duplex mode and full duplex mode of CC specific TDD configuration are analyzed in this paper.
2
Discussions
For both half duplex mode and full duplex mode of CC specific TDD configuration, HARQ problems exist for four aspects: PUCCH, DL grant, UL grant and PHICH. In this section, common solutions for all these are analysed. 
Before the analysis of each HARQ problem, one point needs to be clarified is whether a single HARQ timing is needed for all serving cells, e.g. PCell and SCell will use the same HARQ timing. Since currently in carrier aggregation, the HARQ entities for each carrier are independent with each carrier having its own HARQ entity, a single HARQ timing will not decrease the HARQ timing maintenance complexity. Hence, there does not seem to be a motivation for single HARQ timing. 

Observation: A single HARQ timing for all cells will not decrease the HARQ timing maintenance complexity compared to separate HARQ timing
2.1 


PUCCH
Given the working assumption that PUCCH is on PCell only, the PUCCH missing problem mainly happens when the PUCCH subframe in the PCell is not an UL subframe. One example is shown in Figure 1, where subframe #8 in the PCell is DL, but SCell according to the Rel-8 HARQ timing definition the SCell should have a PUCCH in subframe #8 corresponding to the PDSCH transmission in subframe #4. 
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Figure 1 PUCCH Missing Problem

From the analysis in [1]

 REF _Ref314471691 \n \h 
[2], it was observed that this problem happens for both half duplex and full duplex modes, and also for both same-carrier scheduling and cross-carrier scheduling, as summarized in Table 1. 
Table 1 PUCCH Missing Problem Cases

	Have PUCCH Missing Problem?
	Half Duplex Mode
	Full Duplex Mode

	Same-carrier scheduling
	Yes
	Yes

	Cross-carrier Scheduling
	Yes
	Yes


The following discussions are based on the working assumption that “no new HARQ-ACK timing table beyond those already defined in Rel-8/9/10” is defined. In previous RAN1 meetings, the following common solutions were proposed for PUCCH missing problem based on such working assumption, 
· PUCCH-S1: The reference TDD configuration for PUCCH timing is configured by RRC signalling
This method is proposed in [3], where the PDSCH HARQ timing reference configuration number can be set such that the PDSCH A/N feedback is transmitted on the PCell during UL subframes without conflicting UL-DL directions across all aggregated cells. Based on this solution, the eNB will ensure the configured reference TDD configuration is suitable and could configure the reference TDD configuration more flexibly. However, there is ambiguity period during the PUCCH reference TDD timing configuration, and the gain from such flexibility is unclear. On the other hand, extra flexibility may even lead to longer PUCCH delay, i.e. PUCCH is not in the nearest available UL subframe according to R8/9/10 timing. 
· PUCCH-S2: SCell PUCCH is carried in the common UL subframe of PCell and SCell
Another method proposed in [4] is that the reference TDD UL-DL configuration for SCell is defined as the TDD UL-DL configuration associated with the common/non-conflicting UL subframe set between PCell and SCell. By such method, the reference TDD configuration is inferred by the UE itself implicitly according to the TDD configuration combination of PCell and SCell, and the method could be used for all TDD UL-DL configuration combinations. 
· PUCCH-S3: SCell PUCCH timing follows PCell’s timing when PCell is DL-heavy
The solution is proposed in [5]
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[6]. More specifically, HARQ control timeline followed for SCell is as defined in Rel-8/9, but with respect to the PCell when the PCell is DL heavy compared to the SCell. On the other hand, if PCell is not DL heavy, then SCell will keep its own PUCCH timing. Similar to S2, the rule is predefined and UE will infer the reference TDD configuration implicitly. This will results in some restriction on the TDD configuration combination, e.g. combination of TDD configuration 2+3 and 2+4 cannot be used. Whether such a restriction is acceptable needs further discussion. 
· PUCCH-S4: Both the PCell and SCell follow the ACK/NAK timing of the DL-heavier cell among the serving cells
The solution is proposed in [6]. Here, the DL-heaviest cell among all serving cells will be selected as the reference TDD configuration, and PUCCH timing of both PCell and SCells will follow the timing of this reference TDD configuration. Then the unified HARQ timing can be achieved for the UE, i.e. all serving cells will use the same PUCCH timing. However, the PUCCH timing delay is the largest among all the solutions since PUCCH is carried in the smallest UL subframe subset for all serving cells. Besides, similar to S3 this solution cannot be used for all combinations.
The analysis for of the solutions is summarized in the following table:
Table 2 Common Solutions Comparison for PUCCH Missing Problem

	Solutions
	PUCCH-S1
	PUCCH-S2
	PUCCH-S3
	PUCCH-S4

	Description
	The reference TDD configuration for PUCCH timing is configured by RRC signalling
	SCell PUCCH is carried in the common UL subframe of PCell and SCell
	SCell PUCCH timing follows PCell’s timing when PCell is DL-heavy
	Both the PCell and SCell follow the ACK/NAK timing of the DL-heavier cell among the serving cells

	Reference
	[3]
	[4]
	[5]
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 \* MERGEFORMAT [6]
	[6]

	Flexibility
	Flexible
	Fixed
	Fixed
	Fixed

	Standardization Impact
	New RRC Signalling Needed
	New Predefined Rules
	New Predefined Rules
	New Predefined Rules

	PUCCH Timing Configuration Ambiguity Period
	Yes
	No
	No
	No

	PUCCH Delay Extend
	Small - Large
	Small
	Small
	Medium

	Combination Restriction
	No
	No
	Yes
	Yes


Proposal 1: For PUCCH missing problem, we slightly prefer solution S2 where one follows the PUCCH timing of reference configuration with the common UL subframe of PCell and SCell
2.2 


PDCCH – DL Grant

DL grant missing problem mainly happens when cross carrier scheduling is enabled, where the DL PDCCH allocation is missed when the DL subframe of the scheduled cell is not in the subset of DL subframes of the scheduling cell. An example is shown in the following figure.

[image: image2.emf]D

D S U U D D S U U D

S U D D D S U D D

Configuration #1

Configuration #2

Scell (Scheduled cell)

Pcell (Scheduling cell)

0 1 2 3 4 5 6 7 8 9

Subframe index


Figure 2 DL Grant Missing Problem
From the discussion in [1]
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[2], it can be observed that this problem can happen for both half duplex mode and full duplex mode. The problem cases are summarized in the following table
Table 3 DL Grant Missing Problem Cases

	Have DL Grant Missing Problem?
	Half Duplex Mode
	Full Duplex Mode

	Same-carrier scheduling
	No
	No

	Cross-carrier Scheduling
	Yes
	Yes


Based on the working assumption that ‘no new HARQ-ACK timing’ and ‘DL Grant and PDSCH are in the same TTI’, there exist the following solutions for half duplex mode and full duplex mode UE
· DL Grant-S1: The DL-heavier carrier is always configured to carry PDCCH
The method is proposed in [7] where when cross-carrier scheduling is enabled, the DL-heavier carrier is always configured as the scheduling cell. This method introduces restrictions in cross-carrier scheduling itself or in the supported TDD configuration combinations when cross-carrier scheduling is enabled. As in practice the TDD UL/DL configuration and cross-carrier scheduling configuration have different optimization metrics, the impact of such restriction needs to be carefully investigated. 
· DL Grant-S2: Do not schedule for the problematic DL subframes on the DL-heavier carrier 
The method is proposed in [7] and in the overlapped subframe, the DL subframe is not cross-scheduled if the same subframe on the cross-scheduling carrier is an UL subframe. This means that those DL subframes of cannot be scheduled and are wasted leading to reduced throughput.
· DL Grant-S3: Partially disable the cross-carrier scheduling in subframe level

The method is proposed in [1], where cross-carrier scheduling is temporarily disabled in the DL subframes of the scheduled cell that overlap with UL subframe of the scheduling cell, and PDCCH for the DL assignment is still carried in the scheduled cell. With this solution, there is no hard restriction on the TDD configuration combination and  at the same the time it allows scheduling of such overlapped subframe. One potential impact may be that in the overlapped subframe, the benefit of cross-carrier scheduling for features like interference avoidance or control load sharing is not optimized. But as discussed in [1], the impact is limited to overlapped subframes only and the impact is not severe. 
Since PCell cannot be cross scheduled by other SCells, the UL scheduling timing for PCell is not changed. The solutions under analysis are only for SCells.

The analysis for these solutions is summarized in the following table:

Table 4 Common Solutions Comparison for DL Grant Missing Problem

	Solutions
	DL Grant-S1
	DL Grant-S2
	DL Grant-S3

	Description
	DL-heavier carrier always configured to carry PDCCH
	Do not schedule for the problematic DL subframes on the DL-heavier carrier
	Partially disable the cross-carrier scheduling in subframe level

	Reference
	[7]
	[7]
	[1]

	Restriction on cross carrier scheduling configuration
	Yes
	No
	No

	DL Throughput Loss
	FFS
	Yes
	No


For DL Grant-S3, the standardization impact is small, there is no restriction on the TDD configuration combination or cross-carrier scheduling, and there is no DL throughput loss either. Considering that DL throughput is more important than UL throughput for DL heavy traffic, we slightly prefer S3 as the common solution for DL grant missing problem.
Proposal 2: For DL grant missing problem, we slightly prefer solution S3 of partially disabling cross-carrier scheduling at the subframe level.

2.3 


PDCCH – UL Grant
Similar to DL grant missing problem, UL grant missing problem can happen when cross carrier scheduling is enabled and the PDCCH for the UL grant is missed when the DL subframe of the scheduled cell is not the subset of DL subframes of scheduling cell [1]
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[2]. This is shown in the following figure
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Figure 3 UL Grant Missing Problem
Specifically, for half duplex mode with same-carrier scheduling, the UL grant missing problem can also happen in the overlapped subframe if the UL direction is prioritized [2]. For example, in the following figure, if the UL subframe in SF#8 is prioritized because of UL scheduling, then the UL grant in the DL subframe in SF#8 will be missed and UL subframe in SF#2 cannot be scheduled even though SF#2 is not an overlapped subframe.
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Figure 4 UL grant missing problem for half duplex with same-carrier scheduling
From the discussion in [1]
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 \* MERGEFORMAT [2], it is observed that this problem can happen for full duplex mode with cross-carrier scheduling, and for both same-carrier scheduling and cross-carrier scheduling for half duplex mode. The problem case is summarized in the following table

Table 5 UL Grant Missing Problem Cases

	Have UL Grant Missing Problem?
	Half Duplex Mode
	Full Duplex Mode

	Same-carrier scheduling
	Yes
	No

	Cross-carrier Scheduling
	Yes
	Yes


Based on the working assumption that ‘no new HARQ-ACK timing’, the possible common solutions for both half duplex mode and full duplex mode, and for both same-carrier scheduling and cross-carrier scheduling of half duplex mode is in the following
· UL Grant-S1: UL grant timing of the scheduled cell follows the scheduling cell timing when the scheduling cell is UL-heavier
The method is proposed in [5][7] and when the scheduling cell is UL-heavier, i.e. when the problem happens, the UL grant timing of scheduled cell follows the scheduling cell’s UL grant timing. With this method, no new HARQ timing is introduced. However, the UL scheduling timing for new UEs and legacy UEs on scheduled cell will be inconsistent, decreasing the scheduling efficiency in the scheduled cell. Also, this solution does not work for all TDD configuration combinations.
· UL Grant-S2: Limit the cross-carrier scheduling for the problem UL subframe
Restricted scheduling means that there will be no UL grant for the overlapped subframe when the scheduling cell is UL heavy or the UL subframe is prioritized. This leads to a UL throughput loss or a restriction in TDD configuration combination. Considering that most the important traffic is DL heavy, the impact on UL throughput is not so severe.
· UL Grant-S3: combination of DL Grant-S3 for cross-carrier scheduling case and UL Grant-S2 for half duplex with  same-carrier scheduling case
With this combination solution, DL Grant-S3 is used for cross-carrier scheduling and UL Grant-S2 is used for half duplex mode with same-carrier scheduling. Then the restriction in TDD configuration combination and the impact to UL throughput are minimized. Besides, no additional solution needs to be introduced since anyway the DL grant missing problem need a solution.
Since the PCell cannot be cross-carrier scheduled by other SCells, UL scheduling timing for PCell is not changed. The solutions analysed here are only for SCells.

The analysis is summarized in the following table:

Table 6 Common Solutions Comparison for UL Grant Missing Problem

	Solutions
	UL Grant-S1
	UL Grant-S2
	UL Grant-S3

	Description
	UL grant timing of scheduled cell follow scheduling cell timing when scheduling cell is UL-heavier
	Restrict the cross-carrier scheduling for the problem UL subframe
	combination of DL Grant-S3 with UL Grant-S2

	Reference
	[5]
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[7]
	x
	x

	Restriction on TDD configuration combination
	Yes
	Yes
	No

	UL Throughput Loss
	No
	Large
	Minor

	UL Scheduling Delay
	Yes
	No
	No

	Inconsistent UL Scheduling Time
	Yes
	No
	No

	Standardization Impact
	Yes
	No
	No (Assume DL Grant Solution is already introduced)


Since the UL throughput is not as important as the DL throughput in case of DL heavy traffic, a minor UL throughput loss is acceptable. From the table we see that UL Grant-S3 has no restriction on TDD configuration combination, does not introduce inconsistent UL scheduling time, does not extend UL scheduling delay and does not have standardization impact if the DL grant solution is introduced. Based on the discussion, we have the following proposal
Proposal 3: For UL grant missing problem, we slightly prefer solution S3 of partially disabling cross-carrier scheduling at the subframe level for the cross-carrier scheduling case, and prefer the solution of limiting the scheduling for half duplex mode with same-carrier scheduling.
2.4 


PHICH

2.4.1 



PHICH Missing Issue
The PHICH of the scheduled cell can also possible be missed because the corresponding subframe in the scheduling cell is not a DL subframe. As discussed in [1]
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[2], the problem arises for both half duplex mode and full duplex mode with cross-carrier scheduling enabled. As an example, in the following figure the PHICH for a PUSCH transmission in SF#2 of scheduled cell cannot be transmitted in SF#8.
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Figure 5 PHICH Missing Problem

The PHICH missing problem can also happen for half duplex mode with same-carrier scheduling, if the UL subframe is prioritized in the corresponding overlapped subframe. In the following figure, if the UL subframe of SF#8 is prioritized then PHICH in the DL subframe of SF#8 will be missed.
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Figure 6 PHICH Missing Problem for half duplex mode with same-carrier scheduling
In a summary, the problem case is
Table 7 PHICH Missing Problem Cases

	Have UL Grant Missing Problem?
	Half Duplex Mode
	Full Duplex Mode

	Same-carrier scheduling
	Yes
	No

	Cross-carrier Scheduling
	Yes
	Yes


The PHICH missing problem is the same as the UL grant missing problem. Based on the working assumption that ‘PHICH is transmitted on the cell carrying the UL grant’, a common solution for UL grant can also be used for the PHICH missing problem. For example, if UL grant-S3 is used, then cross-carrier scheduling, when the corresponding UL grant is moved to scheduled carrier, the PHICH is also moved to scheduled carrier. And for half duplex with same-carrier scheduling, the UL transmission can rely on PHICH-less operation.
Proposal 4:  The common solution for the PHICH missing problem is same as the common solution for UL grant missing problem
2.4.2 



PHICH Resource Issue

One example of PHICH resource compatibility problem is shown in Figure 7. In the example, according to Rel-8 HARQ timing the PHICH corresponding to the PUSCH on SCell in subframe #8 should be in subframe #5. When the SCell PUSCH is cross-scheduled from PCell, the PHICH is also from PCell based on previous agreement. However, for legacy TDD UEs that operate in PCell, there are no PHICH resources defined in subframe #5 in PCell according to the existing PHICH timing. Reserving PHICH resources on PCell according to the HARQ timing for TDD configuration #6, causes a PDCCH resource ambiguity for legacy UEs on PCell, as PDCCH resources are defined as the resources not used by reference signals and other DL control channels. 
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Figure 7 PHICH resource compatible problem
As discussed in [1]
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[2], the problem exists for both half duplex mode and full duplex mode when cross-carrier scheduling is configured. The problem case is summarized in the following table
Table 7 PHICH Resource Problem Cases

	Have UL Grant Missing Problem?
	Half Duplex Mode
	Full Duplex Mode

	Same-carrier scheduling
	No
	No

	Cross-carrier Scheduling
	Yes
	Yes


Based on the working assumption that ‘no new HARQ-ACK timing’ and ‘PHICH is transmitted on the cell carrying the UL grant’, the possible common solutions for both half duplex and full duplex modes are the following:
· PHICH Resource-S1: PHICH timing follows the timeline of the scheduling cell
With this solution, when problem exists for an UL subframe of the scheduled cell, the PHICH timing for corresponding UL subframe will follow the PHICH timing for the UL subframe in scheduling cell. For example in Figure 7, the PHICH for UL subframe #8 of SCell can be carried in DL subframe #4 and the then PHICH resource compatibility problem is avoided. However, this method may introduce some confusion in UL HARQ process identification for non-adaptive retransmission in such UL subframes, since the timing between PHICH and non-adaptive retransmission is changed compared to the predefined PUSCH timing in [8]. So, further modifications are needed for the UL HARQ process identification.
· PHICH Resource-S2: PHICH-less operation
The method is proposed in [5], which means always using UL grant to schedule UL retransmission. The method does not introduce any standardization changes, but will increase some unnecessary PDCCH usage.
· PHICH Resource-S3: Reserve new resources for the PHICH transmission for the scheduled cell
This method is also proposed in [9]. For example, some CCEs or some PRBs can be pre-defined for PHICH transmission for the scheduled cell, in a manner that is transparent to legacy UEs and backward compatibility can be ensured. As a CCE used for PHICH is interleaved in the REG level and then distributed in the frequency and time domain, the link performance of PHICH is guaranteed. There will be no impact on the HARQ processes and also requires less control overhead compared to the first solution, considering the possibility that the PHICH signal for multiple UEs can be multiplexed. It is noted that the PHICH resource issue is also discussed under the extension carrier or enhanced DL control topics. 
The analysis for each solution is summarized in the following table:

Table 6 Common Solutions Comparison for PHICH Resource Compaitble Problem

	Solutions
	PHICH Resource-S1
	PHICH Resource-S2
	PHICH Resource-S3

	Description
	PHICH timing follow the timeline of the scheduling CC
	PHICH-less operation
	Reserve new resources for the PHICH transmission for scheduled cell

	Reference
	X
	[5]
	[9]

	Increased PDCCH Overhead
	No
	Yes
	No

	Impact on UL HARQ Process
	Yes
	No
	No


Since PHICH Resource-S1 will introduce further problem and have more standardization impact, we think it is  is not a good solution. Both PHICH Resource-S2 and PHICH Resource-S3 could be acceptable, but considering the increase in PDCCH overhead of PHICH Resource-S2, we slightly prefer PHICH Resource-S3.
Proposal 5: For PHICH resource compatibility problem, we slightly prefer solution S3 to reserve new resources for PHICH transmission.

3
Conclusions

In this paper, we analysed HARQ procedure and timing problems and common solutions for both half duplex and full duplex modes for inter-band CA with different TDD configurations. We have the following observation and proposals:
Observation: Intringle HARQ timing does not decrease the HARQ timing maintenance complexity compared with separate HARQ timing for CC Specific TDD Configuration.
Proposal 1: For PUCCH missing problem, we slightly prefer solution S2 where one follows the PUCCH timing of reference configuration with the common UL subframe of PCell and SCell
Proposal 2: For DL grant missing problem, we slightly prefer solution S3 of partially disabling cross-carrier scheduling at the subframe level.

Proposal 3: For UL grant missing problem, we slightly prefer solution S3 of partially disabling cross-carrier scheduling at the subframe level for the cross-carrier scheduling case, and prefer the solution of limiting the scheduling for half duplex mode with same-carrier scheduling.
Proposal 4:  The common solution for the PHICH missing problem is same as the common solution for UL grant missing problem
Proposal 5: For PHICH resource compatibility problem, we slightly prefer solution S3 to reserve new resources for PHICH transmission.
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