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1. Introduction

RAN1 has been specifying TDD-FDD CA (carrier aggregation) for LTE Rel-12. In RAN1#75, the following aspects were agreed for TDD-FDD CA operation [1].

	· For TDD-FDD carrier aggregation, at least PUCCH on PCell-only is supported as in Rel-10/11 carrier aggregation, regardless of whether or not UE is configured with UL-CA

· Discuss further whether or not to additionally support PUCCH on SCell

· FFS: TDM switching between Pcell and Scell PUCCH
· For the case of PUCCH transmission on PCell only:
· For PDSCH/PUSCH transmitted on PCell, scheduling/HARQ timing follows existing PCell timing regardless whether PCell is TDD or FDD carrier
· For PUSCH transmitted on SCell with self-scheduling, scheduling/HARQ timing follows existing Scell timing regardless whether SCell is TDD or FDD
· When Pcell is FDD carrier and SCell is TDD carrier, for PDSCH transmitted on Scell with self-scheduling, HARQ timing follows Pcell timing


In addition, further details on HARQ timing for TDD-FDD CA are under discussion on RAN1 email reflector [2]. Especially for DL HARQ timing for self-carrier scheduling of FDD SCell when TDD PCell is configured, there are largely 2 options under discussion, that is, option 1 and option 2c. In this paper, we discuss those 2 options related to the DL HARQ timing and further details to be specified.

2. DL HARQ timing option 1
DL HARQ timing option 1 under current discussion defines HARQ-ACK transmission timing on FDD SCell following the HARQ-ACK timing on TDD PCell first, then defines new HARQ-ACK timings for the remaining DL subframes on FDD SCell. As a result, eNB can schedule all the subframes on FDD DL carrier with DL HARQ timing option 1. Table 1 shows the main alternatives in current RAN1 email discussion for the HARQ-ACK transmission timing on subframe n corresponding to the PDSCH or DL SPS release received on subframe n-k, where we use the convention of email discussion that the entries in the UL-DL Conf. column indicate different HARQ timing options prefixed by TDD PCell’s U/D configuration. It is worth while reminding that Rel-8 HARQ timing is designed considering HARQ-ACK payload balancing and feedback delay. 
Table 1. Alternatives for HARQ-ACK transmission timing for option 1

	UL-DL

Conf.
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0A
	-
	-
	6, [5]
	[5], [4]
	4
	-
	-
	6, [5]
	[5], [4]
	4

	1
	-
	-
	7, 6, [5]
	[5], 4
	-
	-
	-
	7, 6, [5]
	[5], 4
	-

	1*
	
	
	7, 6
	[6], [5], 4
	
	
	
	7, 6
	[6], [5], 4
	

	2
	-
	-
	8, 7, 6, [5], 4
	-
	-
	-
	-
	8, 7, 6, [5], 4
	-
	-

	3
	-
	-
	11, [10], [9], [8], 7, 6
	6, 5
	5, 4
	-
	-
	-
	-
	-

	3a
	-
	-
	11, [10], 7, 6
	[10], 6, 5
	[10], 5, 4
	
	
	
	
	

	4
	-
	-
	12, 11, [10], [9], 8, 7
	7, 6, 5, 4
	
	
	
	
	
	

	4a
	
	
	12, 11, [10], 8, 7
	[10], 7, 6, 5, 4
	
	
	
	
	
	

	5
	-
	-
	13, 12, 11, [10], 9, 8, 7, 6, 5, 4
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	[8], 7
	7, [6]
	[6], 5
	-
	-
	7
	7, [6], [5]
	-


· DL HARQ timing 1 vs. 1*

In table 1, HARQ timing alternatives 1 and 1* for TDD PCell U/D configuration 1 represent the following characteristics.
· HARQ timing 1: There can be the cases where PDSCH corresponding to the HARQ-ACK transmission on subframe n can be scheduled after the DCI transmission which schedules PUSCH on subframe n, so called, “UL DAI signalling before PDSCH scheduling”. In this case, eNB may not be able to indicate number of scheduled DL subframes within M subframes by 
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 to optimize the HARQ-ACK overhead on PUSCH.
· HARQ timing 1*: With this alternative, no “UL DAI signalling before PDSCH scheduling” occurs. Therefore, eNB can always indicate number of scheduled DL subframes within M subframes by 
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 to optimize the HARQ-ACK overhead on PUSCH.

In Rel-11 TDD inter-band CA, there also exist the same cases as described in HARQ timing 1 and no special handling was taken account for to optimize the HARQ-ACK overhead on PUSCH in those cases. On the other hand, HARQ-ACK response delay with HARQ timing 1 is faster than HARQ timing 1* for some DL subframes as shown in table 1. In overall, there seems to be slight trade off between two alternatives regarding HARQ-ACK overhead and HARQ-ACK response delay.
Observation 1: There is slight difference between DL HARQ timing alternatives 1 and 1* regarding the trade off between HARQ-ACK overhead on PUSCH and HARQ-ACK response delay.
· DL HARQ timing {3, 4} vs. {3a, 4a}

In table 1, HARQ timing alternatives {3, 4} and {3a, 4a} for TDD PCell U/D configuration 3 and 4 represent the following characteristics.

· HARQ timing {3a, 4a}: There can be the cases where a subframe for HARQ-ACK transmission corresponding to the PDSCH scheduled in subframe n-k precedes the subframe for HARQ-ACK transmission corresponding to the PDSCH scheduled in subframe n-l where l>k, so called, “reversal HARQ feedback subframe order”, which may complicate eNB scheduler operation.
· HARQ timing {3, 4}: With this alternative, no “reversal HARQ feedback subframe order” occurs.
On the other hand, HARQ timing {3a, 4a} provides better HARQ-ACK overhead balancing and smaller maximum M value than HARQ timing {3, 4} as shown in table 1.
Observation 2: HARQ timing {3a, 4a} provides better HARQ-ACK overhead balancing and smaller maximum M value than HARQ timing {3, 4}, while HARQ timing {3, 4} may support simpler eNB scheduler operation.
2.1. ACK/NACK channel selection for M>4 cases
With DL HARQ timing option 1, M value can exceed 4 even for U/D configurations other than 5, depending on the TDD PCell U/D configuration and more detailed HARQ timing alternatives as follows.

For U/D configuration 2:

· M=5

For U/D configuration 3:

· HARQ timing alternative 3: maximum M =6

· HARQ timing alternative 3a: maximum M =4

For U/D configuration 4:

· HARQ timing alternative 4: maximum M =6

· HARQ timing alternative 4a: maximum M =5

Since Rel-11 ACK/NACK channel selection is designed to support up to M=4, solution for the M > 4 cases is necessary to support ACK/NACK channel selection for DL HARQ timing option 1. We consider 2 alternative solutions as follows.
· Solution 1: Bundling ACK/NACK bits for DAI ( 4
With this solution, UE bundles (logical-AND operation) ACK/NACK bits for DAI ( 4 into single HARQ ACK/NACK bit to reuse the Rel-11 channel selection table. In this case, eNB may not be able to distinguish between, for example, UE’s bundled ACK transmission for DAI ( 4 and UE’s missing DCI for DAI > 4. There can be options to handle this potential problem.
· CHsel option 1) No special handling: eNB can schedule only up to DAI=4 if it wants to avoid UE’s DCI missing cases. Otherwise, eNB can schedule DAI > 4 resorting on RLC retransmission for the DCI missing cases.
· CHsel option 2) UE selects a PUCCH format 1b resource for channel selection from the ARI value in last received PDCCH (ARI values with DAI>4 can be independently set from those with DAI ( 4). With this operation, eNB can tell whether UE’s HARQ-ACK response includes ACK/NACK information for DAI > 4 or not by indicating different PUCCH format 1b resources between ARI with DAI ( 4 and ARI with DAI > 4.
· CHsel option 3) If a PDCCH with DAI( 4 is the last scheduled PDCCH within M subframes, the PDCCH is transmitted only on M-th subframe. With this operation, UE can distinguish if it has missed the PDCCH with larger DAI or not and reflect it to the HARQ-ACK bundling.
Since each of 3 options above has its own pros and cons, more discussion will be necessary for final decision.
· Solution 2: Scheduling restriction of maximum DAI=4

With this solution, eNB can schedule up to maximum DAI=4 within M subframes even if M > 4. While this solution simplifies the specification, the scheduling restriction would reduce the utilization of FDD SCell downlink resource for the UE which is configured with FDD SCell. Therefore, solution 1 is preferred to solution 2 due to better utilization of FDD SCell downlink resource.
Suggestion 1: For ACK/NACK channel selection with M > 4, solution 1 is preferred to solution 2 for better FDD SCell DL resource utilization. That is, UE bundles (logical-AND operation) ACK/NACK bits for DAI ( 4 into single HARQ ACK/NACK bit to reuse the Rel-11 channel selection table.
Suggestion 2: For the handling of missing DCI with DAI > 4, the following 3 options can be considered.

· CHsel option 1) No special handling

· CHsel option 2) UE selects a PUCCH format 1b resource for channel selection from the ARI value in last received PDCCH (ARI values with DAI>4 can be independently set from those with DAI ( 4)
· CHsel option 3) If a PDCCH with DAI( 4 is the last scheduled PDCCH within M subframes, the PDCCH is transmitted only on M-th subframe.

2.2. ACK/NACK on PUCCH format 3 for M>4 cases

With DL HARQ timing option 1, HARQ-ACK payload on PUCCH format 3 can exceed 21 bits due to M > 4 depending on the TDD PCell U/D configuration and TDD/FDD SCell combination. There can be 2 approaches to handle this situation as follows.
· Approach 1: Restricting maximum number of CA cells for M>4 cases

With this solution, number of aggregated cells is restricted depending on the TDD PCell U/D configuration and TDD/FDD SCell combination so that HARQ-ACK payload should not exceed 21 bits. If we put the restriction based on the maximum M value among the TDD/FDD CA combination, the resultant restriction will be as in table 2 (if we assume M >4 should be supported for TDD SCells). However, further restriction over table 2 may be assigned to the supportable number of aggregated cells for simple specification.
Table 2. Maximum supportable number of aggregated cells

	TDD PCell

U/D configuration
	HARQ timing

alternatives

(if exist)
	Number of aggregated FDD SCells

	
	
	1
	2
	3
	4

	0
	
	5
	5
	5
	5

	1
	1/1*
	5
	5
	5
	5

	2
	
	5
	4
	4
	-

	3
	3
	5
	4
	4
	-

	
	3a
	5
	5
	5
	5

	4
	4
	4
	4
	-
	-

	
	4a
	5
	4
	4
	-

	5
	
	2
	-
	-
	-

	6
	
	5
	5
	5
	5


· Approach 2: Scheduling restriction for M>4 cases 

Another approach may be to assign restriction to the number of schedulable subframes among M subframes on FDD SCell so that HARQ-ACK payload should not exceed 21 bits. There can be various ways of doing this depending on the TDD PCell U/D configuration and TDD/FDD SCell combination.
Between approach 1 and 2 above, we prefer approach 1 for its simplicity.

Suggestion 3: For HARQ-ACK transmission on PUCCH format 3 with M > 4, approach 1 is preferred to approach 2 for simplicity. That is, number of aggregated cells is restricted depending on the TDD PCell U/D configuration and TDD/FDD SCell combination so that HARQ-ACK payload should not exceed 21 bits.

3. DL HARQ timing option 2c
With DL HARQ timing option 2c under current discussion, HARQ-ACK transmission timing for FDD SCell is configured by RRC signalling to follow reference U/D configuration among existing 7 TDD U/D configurations. In RAN1 email discussion, there seem to be largely 3 options for details of DL HARQ timing option 2c as follows.
· Option 2c-A1: No limitation to the configurable reference U/D configuration
With this option, eNB can configure any of 7 U/D configurations as the reference U/D configuration for FDD SCell. Then, HARQ timing for FDD SCell is derived by applying Rel-11 inter-band TDD CA rule between TDD PCell U/D configuration and the configured reference U/D configuration.

· Option 2c-B: Limitation to the reference U/D configuration

With this option, eNB directly configures one of 7 TDD U/D configurations as the reference for HARQ timing for FDD SCell. In this case, configurable reference U/D configuration is restricted to those whose UL subframe set is subset of the TDD PCell’s UL subframe set. The resultant configurable reference U/D configuration is shown in table 3.
Table 3. Restriction to the configurable reference configuration with option 2c-B
	TDD PCell
U/D configuration
	Allowed reference configuration for FDD SCell

	0
	{0, 1, 2, 3, 4, 5, 6}

	1
	{1, 2, 4, 5}

	2
	{2, 5}

	3
	{3, 4, 5}

	4
	{4, 5}

	5
	{5}

	6
	{1, 2, 3, 4, 5, 6}


· Option 2c-Bx: Further limitation to the reference U/D configuration

With this option, reference U/D configuration is further limited to some of the DL heavy U/D configurations as shown in table 4. Actually, there can be some other ways of selecting allowed U/D configuration set than shown in table 4. However, the purpose is same in the sense that only a very limited number of reference configurations are allowed.

Table 4. Restriction to the configurable reference configuration with option 2c-Bx
	TDD PCell
U/D configuration
	Allowed reference configuration for FDD SCell

	0
	{2, 4, 5}

	1
	{2, 4, 5}

	2
	{2, 5}

	3
	{4, 5}

	4
	{4, 5}

	5
	{5}

	6
	{2, 4, 5}


Since UEs which support inter-band TDD CA should already support HARQ timings for all the 7 U/D configurations, complexity of supporting all the 7 HARQ timings for TDD-FDD CA doesn’t seem to be a problem. Therefore, further restriction as in option 2c-Bx may not be necessary considering operation flexibility and supportability of various HARQ-ACK coverages. Between option 2c-A1 and option 2c-B, option 2c-B may be preferable since the resulting reference configuration set of those 2 options is same while option 2c-B simplify the specification and RRC signalling.

Suggestion 4: If option 2c is introduced for DL HARQ timing, option 2c-B is preferable. That is, eNB directly configure one of 7 TDD U/D configurations as the reference for HARQ timing for FDD SCell, where the configurable reference U/D configuration is restricted to those whose UL subframe set is subset of the TDD PCell’s UL subframe set.

4. DL HARQ timing option 1 vs. option 2c
Among DL HARQ timing option 1 and option 2c, eNB can schedule all the subframes on FDD DL carrier with DL HARQ timing option 1, while specification work for option 2c would be relatively simpler than that for option 1. Since frequency resource utilization is getting important more and more in current and future wireless network, we suggest introducing DL HARQ timing option 1 for self-carrier scheduled FDD SCell when UE is configured with TDD PCell.
Suggestion 5: DL HARQ timing option 1 is introduced for self-carrier scheduled FDD SCell when the UE is configured with TDD PCell.
5. Conclusion
In this paper, we discussed 2 options related to the DL HARQ timing and further details for self-carrier scheduled FDD SCell when the UE is configured with TDD PCell. Observations and suggestions of this paper can be summarized as follows.
For DL HARQ timing option 1:
Observation 1: There is slight difference between DL HARQ timing alternatives 1 and 1* regarding the trade off between HARQ-ACK overhead on PUSCH and HARQ-ACK response delay.
Observation 2: HARQ timing {3a, 4a} provides better HARQ-ACK overhead balancing and smaller maximum M value than HARQ timing {3, 4}, while HARQ timing {3, 4} may support simpler eNB scheduler operation or UE processing.
Suggestion 1: For ACK/NACK channel selection with M > 4, solution 1 is preferred to solution 2 for better FDD SCell DL resource utilization. That is, UE bundles (logical-AND operation) ACK/NACK bits for DAI ( 4 into single HARQ ACK/NACK bit to reuse the Rel-11 channel selection table.

Suggestion 2: For the handling of missing DCI with DAI > 4, the following 3 options can be considered.

· CHsel option 1) No special handling

· CHsel option 2) UE selects a PUCCH format 1b resource for channel selection from the ARI value in last received PDCCH (ARI values with DAI>4 can be independently set from those with DAI ( 4)
· CHsel option 3) If a PDCCH with DAI( 4 is the last scheduled PDCCH within M subframes, the PDCCH is transmitted only on M-th subframe.

Suggestion 3: For HARQ-ACK transmission on PUCCH format 3 with M > 4, approach 1 is preferred to approach 2 for simplicity. That is, number of aggregated cells is restricted depending on the TDD PCell U/D configuration and TDD/FDD SCell combination so that HARQ-ACK payload should not exceed 21 bits.

For DL HARQ timing option 2c:

Suggestion 4: If option 2c is introduced for DL HARQ timing, option 2c-B is preferable. That is, eNB directly configures one of 7 TDD U/D configurations as the reference for HARQ timing for FDD SCell, where the configurable reference U/D configuration is restricted to those whose UL subframe set is subset of the TDD PCell’s UL subframe set.

Regarding DL HARQ timing option 1 vs. 2c:

Suggestion 5: DL HARQ timing option 1 is introduced for self-carrier scheduled FDD SCell when the UE is configured with TDD PCell.
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