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1. Introduction

In RAN1 74b meeting, the following agreements for LTE TDD-FDD carrier aggregation are made:
Agreement:

· RAN1 should focus on the design of TDD-FDD CA assuming simultaneous RX/TX capability of the TDD-FDD CA UEs in Rel.12

· Further discussion of TDD-FDD CA UE not supporting simultaneous RX/TX is not precluded.
Agreements:

· A TDD-FDD CA-capable UE supports TDD-FDD DL CA

· A TDD-FDD CA-capable UE is allowed not to support TDD-FDD UL CA

· Note that not supporting UL TDD-FDD CA means that UE can only be configured with one serving cell in UL

And how to support HARQ/scheduling is still for further clarification. In this contribution, the HARQ/scheduling timing of Scell are analyzed assuming UE not supporting simultaneous RX/TX, that is half duplex UEs. UEs support and not support TDD-FDD UL CA are both considered.


2. Discussion
Based on different TDD and FDD band combinations, the half duplex UE can be the following three cases, corresponding to case 2,3,4 in [2]:
· Case 2: Non-simultaneous reception on TDD and transmission on FDD;
· Case 3: Non-simultaneous transmission on TDD and reception on FDD;

·  Case 4: Non-simultaneous transmission on TDD and reception on FDD, and non-simultaneous reception on TDD and transmission on FDD.
As the HARQ/scheduling timing of PDSCH/PUSCH can always follow Pcell’s timing regardless of duplex mode of the Pcell, the PDSCH and PUSCH HARQ/scheduling timing of Scell is discussed considering both simultaneous and non-simultaneous transmission on FDD and TDD based on above half duplex capabilities, assumption is that when simultaneous RX/TX happens in half duplex case, transmission direction is the same as Pcell. Take case 2 and TDD UL/DL configuration 1 as example, as shown in figure 1, with non-simultaneous reception on TDD and transmission on FDD, if Pcell is FDD carrier, then for the simultaneous UL transmission on FDD ad DL transmission on TDD, only UL transmission of those subframes on FDD is allowed.
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Figure 1. Transmission direction of simultaneous Tx/Rx for half duplex case 2 when FDD as Pcell

And when TDD-FDD UL CA is not supported, we supposed UL transmission is happened on Pcell. PUCCH only transmitted on Pcell is considered here, UCI enhancement analysis is provided in another contribution [3]. TDD UL/DL configuration#1 is taken as example for the analysis in this contribution.
Proposal 1: The PDSCH and PUSCH HARQ/scheduling timing on PCell always follows PCell.
2.1. HARQ/scheduling timing for FDD as Pcell
· For UEs not support TDD-FDD UL CA
When UL CA is not supported, UL subframes in TDD serving cell cannot be scheduled.
For self-carrier scheduling and half duplex case 2, as shown in figure.2, as there is non-simultaneous reception on TDD and transmission on FDD, the will be no PDSCH transmission on TDD. Therefore, it makes no sense to support TDD-FDD CA in this case.
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Figure 2. Transmission for half-duplex UE case 2 without TDD-FDD UL CA when FDD is Pcell
For self-carrier scheduling and half duplex case 3, there is non-simultaneous transmission on TDD and reception on FDD, so the subframes available for transmission on TDD will be only DL subframes, as shown in figure 3. The HARQ timing of PDSCH on TDD serving cell can follow FDD Pcell, and the reduced RTT can bring short delay gain for TDD transmission.
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Figure 3. Transmission for half-duplex UE case 3 without TDD-FDD UL CA when FDD is Pcell
For self-carrier scheduling and half duplex case 4, non-simultaneous transmission on TDD and reception on FDD, and non-simultaneous reception on TDD and transmission on FDD are allowed, so neither the DL nor the UL subframes on TDD can be scheduled. There is no need to support TDD-FDD CA in this case.
For cross-carrier scheduling and half duplex case 2, DL subframes are always available on FDD to schedule DL/UL subframes on TDD carrier, howerver, due to non UL CA and half-duplex capability, the will be no PDSCH/PUSCH transmission on TDD, the same as case 2 for self-carrier scheduling, shown in figure 2. Therefore, it makes no sense to support TDD-FDD CA in this case.
For cross-carrier scheduling and half duplex case 3, there is non-simultaneous transmission on TDD and reception on FDD, so the subframes available for transmission on TDD will be only DL subframes, as shown in figure 3. The HARQ/scheduling timing of PDSCH on TDD can follow FDD Pcell, and the reduced RTT can bring short delay gain for TDD transmission.
For cross-carrier scheduling and half duplex case 4, same thing happens as self-carrier scheduling, that is no transmission on TDD carrier. There is no need to support TDD-FDD CA in this case.

And there is no PUSCH transmission on TDD Scell when FDD is Pcell and TDD-FDD UL CA is not supported.

· For UEs support TDD-FDD UL CA

The main difference from UEs not support TDD-FDD CA is that the UL subframes on TDD carrier can be transmitted together with FDD UL subframes, but whether it can be scheduled depends on the half-duplex UE capability. Subframes available for transmitting for case 2,3,4 are shown in figure 4,5,6, same for self-carrier scheduling and cross-carrier scheduling, as DL subframes on FDD Pcell are always available for scheduling TDD subframes. PDSCH transmission on TDD only exists for case 3. The HARQ timing of PDSCH on TDD can follow FDD Pcell for self-carrier scheduling and the HARQ/scheduling timing of them follows FDD Pcell for cross-carrier scheduling.
PUSCH transmission on TDD only exists for half-duplex case 2, as there is no DL transmission on TDD serving cell, only cross-carrier scheduling can be used. The HARQ/scheduling timing of PUSCH on TDD serving cell should follow TDD serving cell itself to ensure the retransmission always happens on TDD UL subframes.
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Figure 4. Transmission for half-duplex UE case 2 with TDD-FDD UL CA when FDD is Pcell
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Figure 5. Transmission for half-duplex UE case 3 with TDD-FDD UL CA when FDD is Pcell
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Figure 6. Transmission for half-duplex UE case 4 with TDD-FDD UL CA when FDD is Pcell
The above discussions of HARQ/scheduling timing of TDD Scell are summaried in table 1. “X” means not available
Table 1. summary of HARQ/scheduling timing for TDD Scell
	HARQ/scheduling timing of TDD Scell
	Case 2
	Case 3
	Case 4

	PDSCH
	Self-carrier scheduling
	Non UL CA
	X
	FDD
	X

	
	
	UL CA
	X
	FDD
	X

	
	Cross-carrier scheduling
	Non UL CA
	X
	FDD
	X

	
	
	UL CA
	X
	FDD
	X

	PUSCH
	Self-carrier scheduling
	Non UL CA
	X
	X
	X

	
	
	UL CA
	X
	X
	X

	
	Cross-carrier scheduling
	Non UL CA
	X
	X
	X

	
	
	UL CA
	TDD
	X
	X


observation 1: when FDD is Pcell, there is no need to support TDD-FDD CA for half-duplex case 4, and there is no need to support TDD-FDD CA for half-duplex case 2 when TDD-FDD UL CA is not supported .
Proposal 2: when FDD is Pcell, for self-carrier scheduling and half duplex UEs, the HARQ timing of PDSCH on TDD serving cell (if exists) follows PCell.

Proposal 3: when FDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PDSCH on TDD serving cell (if exists) follows PCell.

Proposal 4: when FDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PUSCH on TDD serving cell (if exists) follows TDD serving cell.
2.2. HARQ/scheduling timing for TDD as Pcell
· For UEs not support TDD-FDD UL CA

When UL CA is not supported, UL subframes in FDD serving cell that overlap with TDD UL subframes cannot be scheduled.

For self-carrier scheduling and half duplex case 2, as shown in figure.7, as there is non-simultaneous reception on TDD and transmission on FDD, UL subframes on FDD that overlap with TDD DL subframes will not be scheduled. As a result, the uplink band on FDD carrier cannot be used for TDD-FDD CA UEs of this case. And UL subframes are not always available on TDD for DL transmission HARQ feedback of FDD, a reference HARQ timing is needed for PDSCH transmission of FDD serving cell, without new timing design, the reference timing can be TDD UL/DL configuration#5. With this reference configuration, all the DL subframes except subframe 2 can find HARQ feedback subframes on TDD Pcell and no additional specification effort is needed. The problem with configuration 5 as reference timing is that the payload of HARQ feedback will be large and constraints for aggregated number of CCs are needed. Otherwise, in order to utilize DL subframes on FDD serving cell as many as possible, new design need to be introduced, for example, the DL subframes of FDD serving cell can be bundled to make HARQ feedback.
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Figure 7. Transmission for half-duplex UE case 2 without TDD-FDD UL CA when TDD is Pcell
For self-carrier scheduling and half duplex case 3, there is non-simultaneous transmission on TDD and reception on FDD, so the DL subframes on FDD that overlap with TDD UL subframes can not be scheduled, as shown in figure 8. The HARQ timing of the remaining PDSCH on FDD can follow TDD Pcell.
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Figure 8. Transmission for half-duplex UE case 3 without TDD-FDD UL CA when TDD is Pcell
For self-carrier scheduling and half duplex case 4, non-simultaneous transmission and reception on TDD and FDD are allowed, so the DL subframes on FDD that overlap with TDD UL subframes and the UL subframes on FDD that overlap with TDD DL subframes can not be scheduled, as shown in figure 9. Only DL resources are extended in this TDD-FDD CA case compared to TDD only. The HARQ timing of PDSCH on FDD scell follows TDD Pcell.
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Figure 9. Transmission for half-duplex UE case 4 without TDD-FDD UL CA when TDD is Pcell
For cross-carrier scheduling and half duplex case 2, as shown in figure 7, if TDD Pcell’s scheduling timing is followed, DL subframes that overlap with TDD UL subframes will have no corresponding scheduling subframes on TDD. In order to use the DL subframes on FDD as much as possible, new scheduling and HARQ timing design is needed for FDD scheduled cell. For example, cross-subframe or multi-subframe scheduling can be introduced. However, much specification effort is needed.
For cross-carrier scheduling and half duplex case 3, as shown in figure 8. The HARQ/scheduling timing of PDSCH on FDD can follow TDD Pcell.
For cross-carrier scheduling and half duplex case 4, see figure 9, the HARQ/scheduling timing of PDSCH on FDD can follow TDD Pcell.
PUSCH transmission on FDD serving cell only exists for half-duplex case 3, as shown in figure 8. 
For self-carrier scheduling, if FDD serving cell’s HARQ timing are followed, UL subframes that suppose to feedback ACK/NACK on FDD DL subframes overlapped with TDD UL subframes will have no feedback subframes. And also some UL subframes may not be scheduled due lack of scheduling DL subframes on FDD. In order to make fully use of UL subframes on FDD, new HARQ timing design can be considered, such as subframe bundling feedback, and scheduling timing also need to be modified.
For cross-carrier scheduling, if TDD Pcell’s scheduling timing is followed, the UL subframes will never be scheduled, so new scheduling/HARQ timing design is need, such as cross subframe or multi-subframe scheduling.
· For UEs support TDD-FDD UL CA
The main difference from UEs not support TDD-FDD CA is that the UL subframes on FDD carrier that overlap with TDD UL subframes can be transmitted simultaneously with TDD UL subframes, Subframes available for transmitting for case 2,3,4 are shown in figure 10,11,12. 

For self-carrier scheduling and half-duplex case 2, similar analysis result as UEs not support UL-CA applied. A reference HARQ timing is needed for PDSCH transmission of FDD serving cell, like TDD UL/DL configuration#5. With this reference configuration, all the DL subframes except subframe 2 can find HARQ feedback subframes on TDD Pcell and no additional specification effort is needed. The problem with configuration 5 as reference timing is that the payload of HARQ feedback will be large and constraints for aggregated number of CCs are needed. Otherwise, in order to utilize DL subframes on FDD serving cell as many as possible, new design needs to be introduced, for example, the DL subframes of FDD serving cell can be bundled to make HARQ feedback.

For self-carrier scheduling and half-duplex case 3 and case 4, the HARQ timing of PDSCH on FDD can follow TDD Pcell.
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Figure 10. Transmission for half-duplex UE case 2 with TDD-FDD UL CA when TDD is Pcell
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Figure 11. Transmission for half-duplex UE case 3 with TDD-FDD UL CA when TDD is Pcell
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Figure 12. Transmission for half-duplex UE case 4 with TDD-FDD UL CA when TDD is Pcell
For cross-carrier scheduling and half-duplex case 2, similar to UEs not support UL CA, in order to use the DL subframes on FDD as much as possible, new scheduling and HARQ timing design is needed for FDD scheduled cell. For example, cross-subframe or multi-subframe scheduling of PDSCH on FDD can be introduced. However, much specification effort is needed.
For cross-carrier scheduling and half-duplex case 3 and case 4, the HARQ/scheduling timing of PDSCH on FDD can follow TDD Pcell.
PUSCH transmission is available for all the three half-duplex cases.

For self-carrier scheduling and case 2, as shown in figure 10, if the PUSCH HARQ timing of FDD serving cell are followed, the retransmission subframes may not be available due to the half-duplex capability. The TDD Pcell’s HARQ timing can be followed.
For self-carrier scheduling and case 3, see figure 11, as some DL subframes on FDD is not available, if the PUSCH HARQ/scheduling timing of FDD serving cell are followed, some UL subframes on FDD may not find scheduling or HARQ feedback DL on FDD. In order to make fully use of UL subframes on FDD, new HARQ/scheduling timing design can be considered, such as cross/multi-subframe scheduling, and UL subframes bundle to feedback.
For self-carrier scheduling and case 4, if the PUSCH HARQ timing of FDD serving cell are followed, the scheduling/HARQ feedback DL subframes and retransmission UL subframes may not be available due to the half-duplex capability, so the TDD Pcell’s HARQ timing can be followed.
For cross-carrier scheduling and case 2, the scheduling/HARQ timing of PUSCH on FDD serving cell can follow TDD Pcell.
For cross-carrier scheduling and case 3, if the PUSCH HARQ/scheduling timing of TDD Pcell are followed, the UL subframes on FDD that overlap with TDD DL subframes will never be scheduled. In order to make fully use of UL subframes on FDD, new HARQ/scheduling timing design for PUSCH on FDD serving cell should be considered, such as cross subframe or multi-subframe scheduling and subframe bundling feedback.
For cross-carrier scheduling and case 4, the TDD Pcell’s HARQ/scheduling timing of PUSCH can be followed.
Table 2 gives the summary of above analysis for TDD as Pcell. “new” means new design are needed.
Table 1. Summary of HARQ/scheduling timing for FDD Scell
	HARQ/scheduling timing of FDD Scell
	Case 2
	Case 3
	Case 4

	PDSCH
	Self-carrier scheduling
	Non UL CA
	Config.5/new
	TDD
	TDD

	
	
	UL CA
	Config.5/new
	TDD
	TDD

	
	Cross-carrier scheduling
	Non UL CA
	new
	TDD
	TDD

	
	
	UL CA
	new
	TDD
	TDD

	PUSCH
	Self-carrier scheduling
	Non UL CA
	X
	new
	X

	
	
	UL CA
	TDD
	new
	TDD

	
	Cross-carrier scheduling
	Non UL CA
	X
	new
	X

	
	
	UL CA
	TDD
	new
	TDD


Proposal 5: when TDD is Pcell, for self-carrier scheduling and half duplex UEs, PDSCH transmission on FDD SCell follows PCell’s HARQ timing for case 3 and 4(when DL subframes in FDD available for transmission are the same as aggregated TDD), and follows TDD UL/DL configuration 5 or some new design for case 2 (when all DL subframes in FDD are available for transmission).
Proposal 6: when TDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PDSCH on FDD serving cell need new design for case 2, and can follow TDD Pcell for case 3 and case 4.

Proposal 7: when TDD is Pcell, for self-carrier scheduling and half duplex UEs, the HARQ timing of PUSCH on FDD serving cell (if exists) follows TDD Pcell for case 2 and 4, and needs new design for case 3.
Proposal 8: when TDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PUSCH on FDD serving cell (if exists) follows TDD Pcell for case 2 and 4, and needs new design for case 3.


3. Conclusions

In this contribution, we have discussed HARQ timing of TDD-FDD Carrier Aggregation for different half duplex capabilities UEs, considering UEs that support and not support TDD-FDD UL CA. Based on the analysis, the following proposals are made:
observation 1: when FDD is Pcell, there is no need to support TDD-FDD CA for half-duplex case 4, and there is no need to support TDD-FDD CA for half-duplex case 2 when TDD-FDD UL CA is not supported .

Proposal 1: The PDSCH and PUSCH HARQ/scheduling timing on PCell always follows PCell.
Proposal 2: when FDD is Pcell, for self-carrier scheduling and half duplex UEs, the HARQ timing of PDSCH on TDD serving cell (if exists) follows PCell.

Proposal 3: when FDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PDSCH on TDD serving cell (if exists) follows PCell.

Proposal 4: when FDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PUSCH on TDD serving cell (if exists) follows TDD serving cell.
Proposal 5: when TDD is Pcell, for self-carrier scheduling and half duplex UEs, PDSCH transmission on FDD SCell follows PCell’s HARQ timing for case 3 and 4(when DL subframes in FDD available for transmission are the same as aggregated TDD), and follows TDD UL/DL configuration 5 or some new design for case 2 (when all DL subframes in FDD are available for transmission).

Proposal 6: when TDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PDSCH on FDD serving cell need new design for case 2, and can follow TDD Pcell for case 3 and case 4.

Proposal 7: when TDD is Pcell, for self-carrier scheduling and half duplex UEs, the HARQ timing of PUSCH on FDD serving cell (if exists) follows TDD Pcell for case 2 and 4, and needs new design for case 3.
Proposal 8: when TDD is Pcell, for cross-carrier scheduling and half duplex UEs, the HARQ/scheduling timing of PUSCH on FDD serving cell (if exists) follows TDD Pcell for case 2 and 4, and needs new design for case 3.
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