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1 Introduction

In the RAN1#74 meeting, TDD-FDD joint operation was discussed and the following conclusions were agreed [1]:
· The LTE TDD-FDD carrier aggregation solution according to the agreement in RP-130888 is identified for TDD-FDD joint operation solution in case ideal-backhaul is assumed.
· If it is decided to specify dual connectivity as a result of the RAN2 small cell enhancement SI, and it is decided to support a solution that is not based on CA for TDD-FDD joint operation, then it would be desirable that the dual connectivity feature would be designed to support TDD-FDD dual connectivity in the applicable scenarios, in addition to TDD-TDD and FDD-FDD dual connectivity.
· Identify whether there are any relevant scenarios and requirements that are not satisfied by the above two bullets, and if so, identify appropriate solutions.
In the RAN#61 meeting, the WI for TDD-FDD joint operation was updated to allow for further study of the scenarios and requirements for TDD-FDD joint operation. It is clear that at least TDD-FDD carrier aggregation (CA) will be introduced in Rel-12 specification [2]. This contribution discusses the details of TDD-FDD CA and mainly focuses on the TDD-FDD CA with one FDD serving cell and one TDD serving cell. The details of TDD-FDD CA with more than two serving cell(s) are presented in a companion contribution [3].
2 Discussion 
As discussed in [4], TDD-FDD CA should be optimized to support full-duplex UEs with at least DL aggregation capability from the following capabilities:

· simultaneous reception on FDD and TDD carriers (i.e. DL aggregation)

· simultaneous transmission on FDD and TDD carriers (i.e. UL aggregation)

This section discusses the details of TDD-FDD CA based on the above UE capabilities. The discussion for half-duplex UEs is presented in a companion contribution [4].
2.1 HARQ-ACK feedback   
In Rel-10/11, it is configurable whether to use PUCCH format 1b with channel selection or PUCCH format 3 for HARQ-ACK feedback. It is straightforward that PUCCH format 1b with channel selection and PUCCH format 3 are also supported for TDD-FDD CA in Rel-12. Thus, the discussion in this paper is made under the following assumption.

Proposal 1: PUCCH format 1b with channel selection and PUCCH format 3 are supported for TDD-FDD CA.
One main technical feature that needs further study is HARQ-ACK feedback, such as which serving cell(s) will be used to transmit HARQ-ACK and the corresponding HARQ-ACK timing for FDD serving cell and/or TDD serving cell. There are the following possible options:
Option 1: PUCCH is only transmitted on the PCell      
In Rel-10/11 CA, PUCCH is only transmitted on the PCell. Thus a UE does not need to be capable of UL CA in order to utilize DL CA. The similar principle can be considered for TDD-FDD CA. In this option, the HARQ-ACK for both FDD serving cell and TDD serving cell are transmitted on the PCell. 
A fundamental difference between FDD CA and TDD CA is that there is no form of HARQ-ACK bundling for FDD CA (with the exception of ACK/NACK on the SR resource). TDD CA, on the other hand, relies on significant amount of bundling (e.g., spatial- and/or time domain bundling) when the bundling window size M>1. A UE which is configured for CA is still likely to receive only on the PCell a large fraction of the time and notably, the Rel-10 HARQ-ACK tables for PUCCH format 1b with channel selection were explicitly designed for fallback to PUCCH format 1b for PCell scheduling. If the PCell is the FDD serving cell, TDD-FDD CA should not imply that HARQ-ACK bundling is introduced on the FDD serving cell, as that would result in worse PCell performance than if TDD-FDD CA was not configured. 

Moreover, it is desirable to reduce the amount of bundling on the TDD serving cell and thereby obtain additional throughput gains on the TDD SCell compared to if TDD-FDD CA was not configured. For example, it is possible to operate a TDD SCell without any HARQ-ACK bundling if its subframes are linked in a one-to-one manner to subframes in the FDD UL carrier. This results in a payload of at most 2 HARQ-ACK bits from the FDD serving cell and 2 HARQ-ACK bits from the TDD serving cell in an UL subframe, i.e., bundling is not needed and the existing FDD HARQ feedback mechanisms could be directly applied. This can be achieved by using the HARQ-ACK timing of the FDD serving cell also for the TDD serving cell. Further improvements are also foreseen, e.g., reduced round trip time (RTT) delay for the TDD carrier and improved load balancing among the UL subframes for HARQ-ACK feedback.
Proposal 2: If PUCCH is only transmitted on the PCell and the PCell is FDD, the HARQ-ACK timing of the FDD serving cell is used for the TDD serving cell. 
If the PCell is the TDD serving cell, since UL subframes are not always available in each TTI as on the FDD serving cell, if we reuse the FDD HARQ-ACK timing for the FDD serving cell, there will be no corresponding uplink subframe for some DL subframes on the FDD serving cell. If the TDD HARQ-ACK timing of the TDD serving cell is used, the HARQ-ACK timing will be undefined for some of the FDD DL subframes, thereby defeating the goal of DL CA. An example is given in Fig. 1, where the HARQ-ACK timing of the TDD serving cell is used for the FDD serving cell.   
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Figure 1. An example of using the HARQ-ACK timing of the TDD serving cell for the FDD serving cell when PCell is TDD.
In order to fully utilize the downlink resources, the HARQ-ACK timing for the FDD serving cell needs a new design. Two alternatives of HARQ-ACK timing for the FDD serving cell are shown in Table 1 and Table 2, respectively. The entries in red show the additional relations between DL and UL subframes.  The difference between Table 1 and Table 2 is highlighted for UL-DL configurations 0, 1 and 6.
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The HARQ-ACK timing given in Table 1 can shorten RTT delay for the FDD serving cell when the UL/DL configuration of the TDD serving cell is UL/DL configuration 0, 1 or 6. However, for configurations 1 and 6, the smallest value in the set K for the FDD serving cell is smaller than the uplink association index (k’ in Table 7.3-Y in 36.213). This means the last DL subframe that needs HARQ-ACK feedback may occur later than the subframe with PDCCH/EPDCCH carrying the Downlink Assignment Index (DAI) in DCI format 0/4. Consequently, the DAI in DCI format 0/4 would not always be able to convey the total number of subframes requiring HARQ-ACK within the downlink association set K.
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The HARQ-ACK timing given in Table 2 can guarantee that the smallest value in the set K for the FDD serving cell is the same as that in the set K for the TDD serving cell, thus the Downlink Assignment Index (DAI) in DCI format 0/4 still works well no matter whether the HARQ-ACK is transmitted on the PUSCH on the TDD serving cell or on the PUSCH on the FDD serving cell. However, the RTT delay is longer compared to that of Table 1.       
In addition, we can see that when the UL/DL configuration of the TDD serving cell is UL/DL configuration 2 and 4, there will be 5 DL subframes on the FDD serving cell corresponding to one UL subframe. In rel-10/11, format 1b with channel selection can only support up to 4 DL subframes for each UL subframe. Thus some new design may be needed.    
Proposal 3: If PUCCH is only transmitted on the PCell and the PCell is TDD, the HARQ-ACK timing for the FDD serving cell needs a new design with the target of fully utilizing all the DL subframes and keeping the HARQ feedback delay as short as possible. 
Option 2: PUCCH is transmitted on both PCell and SCell  
In this option, the HARQ-ACK for each serving cell is transmitted on the UL serving cell corresponding to the DL serving cell where the PDSCH and/or the PDCCH/EPDCCH indicating downlink SPS release was transmitted. For UEs that support simultaneous transmission on FDD and TDD, multiple channels carrying UCI are transmitted in the same subframe on different serving cells. An example is shown in Fig. 2. In this case, the HARQ-ACK timing for each serving cell can be maintained. One possible issue is that multiple PUCCH(s) and/or multiple PUSCHs with UCI in one subframe may exist in this case, then if the total transmit power of the UE exceeds the maximum UE transmit power, some new power scaling scheme may be needed. 
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Figure 2. An example of PUCCH transmission for UEs that can support simultaneous transmission on FDD and TDD.
UEs not capable of UL CA in one subframe need to switch between the FDD serving cell and the TDD serving cell in time division manner, thus UL subframes are not always available in each TTI on the FDD serving cell. Similar as the case where the PCell is TDD in option 1, there will be no corresponding uplink subframe for some DL subframes on the FDD serving cell, thus the HARQ-ACK timing for the FDD serving cell needs a new design. However, the number of available UL subframes on the FDD serving cell may change with the TDM pattern and/or the UL/DL configuration of the TDD serving cell, so designing the corresponding HARQ-ACK timing for each possible case is a little complicated. In addition, the HARQ-ACK timing for the TDD serving cell may also need a new design depending on the TDM pattern. For simplicity, some common design can be considered. One possible option for the common design is shown in Fig. 3, where the HARQ-ACK for the FDD serving cell is only transmitted on UL subframes 0/1/5/6 on the FDD serving cell, where the corresponding subframes on the TDD serving cell are always DL for all TDD UL-DL configurations. This can make the HARQ-ACK timing for the FDD serving cell independent of the UL/DL configuration of the TDD serving cell and independent of the TDM pattern. For the HARQ-ACK timing of the TDD serving cell, the HARQ-ACK timing of UL/DL configuration 2 or 5 can be considered for different TDM pattern.    
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Figure 3. An example of HARQ-ACK timing for UEs which do not support UL CA. 
Compared to option 1, option 2 can also be suitable for the deployment scenarios with non-ideal backhaul, that is, it can also be used for multi-stream aggregation (MSA) for TDD-FDD joint operation if it is decided to specify MSA as a result of the RAN2 small cell enhancement SI. Thus option 2 can also be considered for TDD-FDD CA in order to have a unified design. However, MSA is still under discussion and the time allocated to complete specification of TDD-FDD CA is limited. PUCCH transmission only on PCell has the benefit to provide a single solution independently of the UL CA capability of the UE. 
Proposal 4: For TDD-FDD CA HARQ-ACK feedback, PUCCH is only transmitted on PCell.  
2.2 Cross-carrier scheduling 
Cross-carrier scheduling is supported in Rel-10/11 CA. One main motivation is to mitigate interference between control channels in heterogeneous network (HetNet) scenario. It is obvious that TDD-FDD CA will be used in a heterogeneous network scenario, thus cross-carrier scheduling can also be considered for TDD-FDD CA.   
DL HARQ timing for the scheduled serving cell
If the scheduling serving cell (e.g., PCell) is FDD and the scheduled serving cell (e.g. SCell) is TDD, DL subframes are always available on the scheduling serving cell in every TTI, thus PDSCH transmission can be scheduled in all the DL subframes on the scheduled TDD serving cell. If HARQ-ACK is only transmitted on PCell and PCell is FDD, the HARQ-ACK timing of a FDD serving cell can be considered for the scheduled TDD serving cell and all the benefits discussed in Sec. 2.1 for the case without cross-carrier scheduling are obtained here as well.  
If the scheduling serving cell (e.g., PCell) is TDD and the scheduled serving cell (e.g., SCell) is FDD, since DL subframes are not always available on the scheduling serving cell in every TTI, PDSCH transmission cannot be scheduled in some DL subframes on the scheduled FDD serving cell. An example is shown in Fig. 4. One possible way to solve this problem is to introduce cross-subframe scheduling and/or multiple subframes scheduling, for which the corresponding HARQ-ACK timing for the scheduled FDD serving cell may need a new design. However, considering that it would require much standard effort, supporting cross-carrier scheduling with scheduling restriction as in inter-band TDD CA with different UL/DL configurations can be considered.
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Figure 4. An example of cross-carrier scheduling restriction for PDSCH and PUSCH transmission.
UL HARQ timing for the scheduled serving cell
If the scheduling serving cell (e.g., PCell) is FDD and the scheduled serving cell (e.g., SCell) is TDD, DL subframes are always available on the scheduling serving cell in every TTI, thus PUSCH transmission can be scheduled in all the DL subframes on the scheduled TDD serving cell. Considering that the HARQ process for a PUSCH transmission is synchronous and UL subframes are not always available on the scheduled TDD serving cell, only the UL HARQ timing for the scheduled TDD serving cell can be used, unless new UL HARQ timing is introduced.  
If the scheduling serving cell (e.g., PCell) is TDD and the scheduled serving cell (e.g., SCell) is FDD, since DL subframes are not always available on the scheduling serving cell in every TTI, PUSCH transmission cannot be scheduled in some UL subframes on the scheduled FDD serving cell. An example is shown in Fig. 4, where the UL HARQ timing for the scheduling TDD serving cell is used for the scheduled FDD serving cell. One possible way to solve this problem is to introduce cross-subframe scheduling and/or multiple subframes scheduling, for which the corresponding UL HARQ timing for the scheduled FDD serving cell may need a new design. However, considering that it would require much standard effort, supporting cross-carrier scheduling with scheduling restriction can be considered, where the UL HARQ timing for the scheduling TDD serving cell is used for the scheduled FDD serving cell.
Proposal 5: Cross-carrier scheduling can be considered for TDD-FDD carrier aggregation. 
· If the scheduling serving cell is FDD and the scheduled serving cell is TDD, 
· The DL HARQ timing of a FDD serving cell is used for the scheduled TDD serving cell.
· The UL HARQ timing of the TDD scheduled serving cell is maintained. 
· If the scheduling serving cell is TDD and the scheduled serving cell is FDD, either cross-subframe scheduling or scheduling restriction can be considered. 
2.3 DCI format
As discussed in Sec. 2.1 and Sec. 2.2, if HARQ-ACK is only transmitted on PCell and the PCell is FDD, the DL HARQ timing for the TDD serving cell can follow the DL HARQ timing of the FDD serving cell. Thus the HARQ process number field in the DL DCI format for the TDD serving cell does not need to be 4 bits and the DAI is not needed. If the HARQ-ACK is only transmitted on PCell and the PCell is TDD, the DL HARQ timing for the FDD serving cell needs a new design which may be similar as a HARQ timing for a TDD serving cell, thus the 3 bits HARQ process number field in the DL DCI format for FDD may not be sufficient and, thereto, a DAI may be needed for HARQ-ACK feedback. 
In addition, as described in option 2, for UEs with single transmission capability in one subframe, the DL HARQ timing for the FDD serving cell may need a new design, while for UEs with simultaneous transmission capability the existing DL HARQ timing can be maintained. Thus the DCI format for UEs of different capabilities may be different. Therefore, the DCI format for the FDD serving cell and/or the TDD serving cell needs to be further discussed. 

Observation: The DCI format for the FDD serving cell and/or the TDD serving cell is FFS. 
3 Conclusion

In this contribution, we discussed details of TDD-FDD CA and have the following proposals:
Proposal 1: PUCCH format 1b with channel selection and PUCCH format 3 are supported for TDD-FDD CA.
Proposal 2: If PUCCH is only transmitted on the PCell and the PCell is FDD, the HARQ-ACK timing of the FDD serving cell is used for the TDD serving cell. 
Proposal 3: If PUCCH is only transmitted on the PCell and the PCell is TDD, the HARQ-ACK timing for the FDD serving cell needs new design with the target of fully utilizing all the DL subframes and keeping the HARQ feedback delay as short as possible. 
Proposal 4: For TDD-FDD CA HARQ-ACK feedback, PUCCH is only transmitted on PCell.  
Proposal 5: Cross-carrier scheduling can be considered for TDD-FDD carrier aggregation. 
· If the scheduling serving cell is FDD and the scheduled serving cell is TDD, 
· The DL HARQ timing of a FDD serving cell is used for the scheduled TDD serving cell.
· The UL HARQ timing of the TDD scheduled serving cell is maintained. 
· If the scheduling serving cell is TDD and the scheduled serving cell is FDD, either cross-subframe scheduling or scheduling restriction can be considered. 
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