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1 Introduction

In the RAN1#74bis meeting, TDD-FDD joint operation was discussed and the following agreements on the UE capability for TDD-FDD carrier aggregation (CA) were achieved [1]:
· 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
Whether or not to support PUCCH on PCell or SCell was also highlighted for further clarification in the RAN1#74bis meeting [1]. The above agreements on UE capability imply that PUCCH transmitted only on the PCell should be supported. The details for supporting PUCCH on PCell for TDD/FDD CA are given in companion contributions [2]
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[3]. This contribution firstly further discusses PUCCH transmission for TDD-FDD CA, mainly focusing on whether or not to support PUCCH on SCell for UEs supporting TDD-FDD UL CA, and then discusses the PUCCH formats for TDD-FDD CA.
2 Discussion
2.1 PUCCH transmission
The agreements on UE capability cited in Sec. 1, imply that for UEs not supporting TDD-FDD UL CA, the PUCCH shall be transmitted on the PCell. This follows from the definitions in [4], since the PCell always includes a serving cell in the UL. Thus, PUCCH transmitted only on the PCell shall be supported for TDD-FDD CA. 
For UEs supporting TDD-FDD UL CA, several options discussed in [5] [6] [7] [8] [9] can be applied. Here is a brief discussion and analysis of all the options.  
Option 1: PUCCH is transmitted only on the PCell
In Rel-10/11 CA, PUCCH is transmitted only 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. If the PCell is an FDD serving cell, as discussed in [2], the HARQ-ACK timing of the PCell should be used for the TDD serving cells, which can avoid HARQ-ACK bundling and reduce round trip time (RTT) delay for the TDD serving cells. If the PCell is a TDD serving cell, as discussed in [3], a new HARQ-ACK timing is needed for the FDD serving cells in order to improve user experience by fully utilizing all DL subframes. In addition, with a new HARQ-ACK timing, enhancements may be needed to support channel selection for the case that 5 DL subframes on the FDD serving cell correspond to one UL subframe. 
Option 2: PUCCHs are transmitted on both PCell and SCell  
In this option, multiple PUCCHs are used and the UCI for each serving cell is transmitted on the corresponding UL carrier. However, as discussed in [10], the maximum number of simultaneous PUCCHs is preferably limited to two at least for TDD-FDD CA, one for FDD serving cell(s) and the other for TDD serving cell(s). In this case, considering that up to 5 serving cells can be aggregated, multiple channels carrying UCI are transmitted in the same subframe on different serving cells. An example is shown in Fig. 1. For HARQ-ACK feedback, the Rel-10/11 HARQ-ACK timing for each serving cell can be maintained.  
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Figure 1. An example of simultaneous PUCCH transmission on both PCell and SCell.
One issue for option 2, is that multiple PUCCH(s) and/or multiple PUSCHs with UCI may exist in one subframe, and multiple PUCCH(s) and/or multiple PUSCHs with UCI may convey HARQ-ACK in one subframe. Thus, enhancements on power scaling are needed to assure that the maximum UE transmit power is not exceeded.
Another possible issue for option 2 is that enhanced PUCCH resource reservation may be needed if cross-carrier scheduling is configured. For example, if the SCell is a TDD serving cell and is cross-carrier scheduled by the PCell being an FDD serving cell, the PUCCH resource on the SCell cannot be reserved implicitly from the corresponding DCI format transmitted on the PCell, since that may result in PUCCH resource reservation collisions with UEs being scheduled on the SCell. The TPC command is needed for the PUCCH transmitted on the SCell, thus the TPC field in the DCI format cannot be used for PUCCH resource reservation directly as in Rel-10/11 CA.              
Compared to option 1, option 2 can also be suitable for the deployment scenarios with non-ideal backhaul, i.e., 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.
Option 3: PUCCH is transmitted on the PCell if an UL subframe on the PCell is available, otherwise PUCCH is transmitted on an SCell  
In this option, if the PCell is an FDD serving cell, an UL subframe is always available on the PCell, thus the PUCCH is only transmitted on the PCell, i.e., option 1. If the PCell is a TDD serving cell, the PUCCH is transmitted on the PCell in the UL subframe(s) of the PCell and is transmitted on an FDD SCell in the UL subframe(s) corresponding to DL subframe(s) of the PCell. The FDD SCell used to transmit PUCCH can be configured by higher layer or can be the FDD SCell with the lowest ServCellIndex. This can be regarded as transmitting the PUCCH in a time division manner among the serving cells and an example is shown in Fig. 2. 
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Figure 2. An example of PUCCH transmission on PCell and SCell in time division manner.
In this option, the PUCCH can be transmitted in each TTI for HARQ-ACK feedback for each serving cell, thus the HARQ-ACK timing of the FDD serving cell can be used for the TDD serving cell, which can avoid HARQ-ACK bundling and reduce round trip time (RTT) delay for the TDD serving cell. 
In this option, independent power control for the PUCCH transmitted on the TDD PCell and an FDD SCell should be used considering that at least the DL pathloss may be different on the PCell and SCell. In this case, TPC commands can be contained in the DCI format of the PDCCH/EPDCCH on the corresponding serving cell. Then, when the PUCCH is transmitted on the SCell, the TPC field in the DCI format of the PDCCH/EPDCCH on the SCell will be used for TPC command. Therefore, the PUCCH resource reservation scheme needs to be extended in this case, since the TPC field in the DCI format on the SCell is not always available for PUCCH resource indication.          
Option 4: PUCCH is transmitted on an FDD serving cell  
In this option, if the PCell is an FDD serving cell, the PUCCH is transmitted on the FDD PCell. If the PCell is a TDD serving cell, then PUCCH is transmitted on an FDD SCell, which can be configured by higher layer or can be the FDD SCell with the lowest ServCellIndex. 
In this option, the HARQ-ACK timing of the FDD serving cell can be used for the TDD serving cell, which can avoid HARQ-ACK bundling and reduce round trip time (RTT) delay for the TDD serving cell. 
If the PCell is a TDD serving cell, some issues for PUCCH resource reservation may exist. For example, if PUCCH format 1b with channel selection is configured for HARQ-ACK feedback, then the PUCCH resource for the PCell cannot be reserved implicitly since the PUCCH is transmitted on the FDD SCell. If PUCCH format 3 is configured for HARQ-ACK feedback and if only the PCell is scheduled, PUCCH feedback cannot fall back to PUCCH format 1a/1b, since the PUCCH is transmitted on the SCell for which there are no implicit PUCCH resources reserved. Thus the current PUCCH resource reservation schemes which rely on implicit resource reservation for transmissions scheduled from the PCell and explicit resource reservation for transmission scheduled from the SCells, may also need to be enhanced.  
Brief summary of the above options
Among all the options, we can see that the HARQ-ACK for PCell is transmitted only on the PCell in option 1 and option 2, thus there is no impact on PCell performance from SCell activation/deactivation or SCell addition/removal. While the HARQ-ACK for some DL subframes on the PCell will be transmitted on SCell in option 3, thus there is some impact on some DL subframes on PCell from SCell activation/deactivation or SCell addition/removal. For option 4, the HARQ-ACK for all DL subframes on the PCell is transmitted on SCell, thus there is impact on PCell performance from SCell activation/deactivation or SCell addition/removal.     
In addition, among all the options, only one PUCCH is transmitted in one UL subframe in option 1, 3 and 4, while multiple PUCCHs are transmitted in one UL subframe in option 2. The PUCCH performance may be worse for the case of multiple PUCCHs if the transmit power is limited.  
The above options are briefly summarized and compared in Table 1.
Table 1 Options for PUCCH transmission for UEs supporting TDD-FDD CA
	
	Standard impact
	Pros
	Cons

	Option 1: PUCCH is transmitted only on the PCell
	· New HARQ-ACK timing for the FDD serving cell is needed if PCell is TDD
· Enhancements may be needed to support channel selection for the case that 5 DL subframes on the FDD serving cell correspond to one UL subframe
	· Same solution as for UEs not supporting TDD-FDD UL CA  
· Can avoid HARQ-ACK bundling and reduce round trip time (RTT) delay for the TDD serving cell if PCell is FDD
· No HARQ-ACK bundling for the FDD serving cell if PCell is FDD  
· No impact on PCell performance from SCell activation/deactivation or SCell addition/removal  
	· HARQ-ACK bundling and increased round trip time (RTT) for the FDD serving cell if PCell is TDD
· No improvement on the HARQ-ACK bundling and round trip time (RTT) for the TDD serving cell if PCell is TDD

	Option 2: PUCCHs are transmitted on both PCell and SCell
	· Enhancements on power scaling may be needed
· Enhancements on PUCCH resource reservation may be needed if cross-carrier scheduling is configured
	· No HARQ-ACK bundling for the FDD serving cell  
· No impact on PCell performance from SCell activation/deactivation or SCell addition/removal
	· Introduce additional specification effort unless it is decided to specify MSA in RAN2
· No improvement on the HARQ-ACK bundling and round trip time (RTT) for the TDD serving cell
· PUCCH performance may be worse if the transmit power is limited

	Option 3: PUCCH is transmitted on the PCell if an UL subframe on the PCell is available, otherwise on an SCell
	· Enhancements on PUCCH resource reservation may be needed if TDD is PCell
	· No HARQ-ACK bundling for both FDD and TDD serving cells
	· Introduce additional specification effort
· Have impact on some DL subframes on PCell from SCell activation/deactivation or SCell addition/removal  

	Option 4: PUCCH is transmitted on the FDD serving cell
	· Enhancements on PUCCH resource reservation may be needed if TDD is PCell
	· No HARQ-ACK bundling for both FDD and TDD serving cells
	· Introduce additional specification effort
· Have impact on PCell performance from SCell activation/deactivation or SCell addition/removal  


Based on Table 1, we can see that if PUCCH transmitted only on the PCell is also used for UEs supporting TDD-FDD UL CA, there is no additional specification effort since PUCCH only transmitted on the PCell shall be specified for UEs not supporting TDD-FDD UL CA. Otherwise, additional specification effort is needed. If additional enhancements are deemed necessary, like reduction of HARQ-ACK bundling for UEs supporting TDD-FDD UL CA, then option 2, 3 and 4 can also be considered. 
However, since a UE typically cannot support TDD-FDD UL CA for all band combinations where the UE supports TDD-FDD DL CA, and PUCCH transmitted only on PCell is required for band combinations where UEs cannot support TDD-FDD UL CA, PUCCH transmitted only on PCell should be supported for all UEs capable of TDD-FDD CA, irrespective of the UE capability for TDD-FDD UL CA. Therefore, RAN1 should focus on the specification work for PUCCH only transmitted on the PCell in the WI for TDD-FDD joint operation first. Then work on a solution for allowing PUCCH on SCell can be considered.          
Proposal 1: RAN1 should focus on the specification work for PUCCH transmitted only on the PCell in the WI for TDD-FDD joint operation.
2.2 PUCCH formats for HARQ-ACK feedback
In Rel-10/11, either PUCCH format 1b with channel selection or PUCCH format 3 for HARQ-ACK feedback can be configured for TDD UEs. For FDD UEs capable of aggregating 2 serving cells, PUCCH format 1b with channel selection is always used and PUCCH format 3 can only be configured for UEs capable of aggregating more than 2 serving cells. Since aggregation of 2 serving cells is the dominant case in practice and is likely to remain so for a foreseeable future, FDD networks may typically not need to utilize PUCCH format 3. Since PUCCH format 3 requires separate PUCCH resources and has ~0.8 dB worse detection performance [11], PUCCH format 1b with channel selection should also be supported for HARQ-ACK feedback in TDD-FDD CA, especially considering cases where the PCell is an FDD serving cell.    

Proposal 2: PUCCH format 1b with channel selection and PUCCH format 3 are supported for HARQ-ACK feedback in TDD-FDD CA.
3 Conclusion

In this contribution, we discussed PUCCH transmission and PUCCH formats for TDD-FDD. Based on the discussion, we have the following proposals:   
Proposal 1: RAN1 should focus on the specification work for PUCCH transmitted only on the PCell in the WI for TDD-FDD joint operation.  
Proposal 2: PUCCH format 1b with channel selection and PUCCH format 3 are supported for HARQ-ACK feedback in TDD-FDD CA.
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