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1. Introduction

Carrier aggregation (CA) was specified in LTE Releases 10 and 11, where the same duplex mode is applied for all configured component carriers. For more efficient usage of the available spectrum it is desirable that CA is as agnostic as possible to the duplex mode employed on each component carrier. Towards this goal, a new WI was recently agreed to jointly support CA with FDD and TDD carriers. Some objectives set forth in the WID include [1]: 

· Introduce LTE TDD – FDD Carrier Aggregation support including either TDD or FDD as PCell satisfying the following conditions for the LTE TDD-FDD CA specification work.

· UEs supporting FDD and TDD carrier aggregation operation shall be able to access both legacy FDD and legacy TDD single mode carriers

· Legacy FDD UEs and UEs supporting FDD and TDD CA operation may camp on and connect the FDD carrier, which is part of the jointly operated FDD/TDD network

· Legacy TDD UEs and UEs supporting FDD and TDD CA operation may camp on and connect the TDD carrier, which is part of the jointly operated FDD/TDD network

· No new TDD UL-DL configuration is introduced
· Generic specification support starting with RAN1 and RAN2 specification work for the existing LTE CA deployment scenarios 1, 2, 3 and 4 defined in TS36.300 of Rel-11.
In this contribution we provide some preliminary considerations of several areas that may be enhanced to efficiently support joint TDD-FDD CA. 

2. Discussion
For CA operation, a Rel-10/11 UE is configured to receive – and possibly transmit – data on multiple component carriers. From the MAC layer perspective DL-SCH or UL-SCH data transmission is scheduled per component carrier. Secondly, for CA deployment scenarios 1 – 4, the component carriers are either co-located at the same site or distributed (e.g. at RRHs) and connected by ideal backhaul to a macro eNB. From a UE perspective each configured component carrier can, therefore, be viewed as a (logical) serving cell. From a PHY perspective, CA operation impacts the following areas:

1. Scheduling and HARQ feedback timing
2. UCI transmission on PUCCH and/or PUSCH

3. Priority handling for UL transmission in case of a power limitation

4. Handling of UL transmission for multiple timing advance groups

To a large extent it can be seen from the list above that the PHY impact of CA affects UL transmission on PUSCH and PUCCH. Hence, the differences between TDD-only CA and FDD-only CA are mainly due to the limited number of UL subframes per radio frame. To ensure a timely completion of the WI it is desirable to prioritize enhancements that target the differentiation between TDD and FDD operation such as scheduling and HARQ timing. Other enhancements which are beneficial but are more generally applicable to any joint TDD-FDD operation can be considered as a second priority. 

Proposal: priority should be given to enhancements that specifically target TDD-FDD CA such as scheduling and HARQ timing.

2.1. Considerations on HARQ-ACK feedback

Different HARQ-ACK feedback mechanisms may be considered for TDD-FDD CA depending on the duplex mode of the PCell. We consider these two configurations separately. 
2.1.1. Joint TDD-FDD CA with FDD as PCell

A benefit of the PCell operating in FDD mode is that all subframes of a radio frame are valid UL subframes for UCI transmission. Therefore, when a TDD SCell is configured, the SCell scheduling and HARQ-ACK feedback timing can follow the TDD UL/DL configuration i.e. same procedure as for Rel-11. Note that it may also be possible to reduce feedback latency to exactly 4ms for the TDD SCell. However, this changes the existing HARQ timing and may complicate eNB implementation if the eNB supports a mix of legacy UEs and UEs configured for joint TDD-FDD CA on the TDD carrier.
Observation: no enhancements are strictly necessary for scheduling and HARQ timing when the PCell operates in FDD mode.
2.1.2. Joint TDD-FDD CA with TDD as PCell

A more interesting CA deployment is where the PCell operates in TDD mode whereas one or more SCells operate in FDD mode. This deployment scenario results in limited HARQ-ACK feedback opportunities for the FDD SCell if PUCCH is only transmitted on the PCell. There are three possibilities for HARQ-ACK feedback corresponding to DL assignment on an FDD SCell:

1) One possibility is to view the FDD SCell as a TDD cell with a different UL/DL configuration. As such the UE can be configured with a DL-reference (and UL-reference) UL/DL configuration similarly to the Rel-11 TDD CA with different UL/DL configurations. It should be noted that this approach involves scheduling restrictions on the FDD SCell, which limits the spectral efficiency from a UE perspective. 
2) An alternative option is to relax the HARQ timing constraint for the FDD SCell such that HARQ-ACK feedback for a DL assignment in subframe n is sent at the first valid opportunity on the PCell satisfying n + k (k ≥ 4). This option ensures that all DL subframes can be scheduled but the downside is that it changes the FDD HARQ timing. An illustration is shown in Figure 1, where the PCell is configured for TDD UL/DL Configuration 2. It can be seen that for a DL assignment in n = 2 on the FD SCell, the HARQ-ACK feedback that should have been sent in n = 6 is delayed to n = 7 since n = 6 is a Special subframe on the TDD PCell.
3) SCell PUCCH transmission: it is also possible to allow the UE to transmit on PUCCH on the SCell as shown in Figure 1. Whilst this approach supports legacy FDD scheduling and HARQ timing it may not be a comprehensive solution if the UE is not configured for SCell uplink, or more importantly, the UE is not capable of dual UL transmission. 
a. In the first case as FDD operation is based on paired spectrum, it may be possible to configure a SCell uplink to at least support HARQ-ACK transmission on PUCCH even though PUSCH transmission is not required. 
b. In the second case, where it is a matter of UE capability, further consideration should be given to time-multiplexed PUCCH transmission between PCell and SCell.
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Figure 1  An illustration of HARQ-ACK feedback for a FDD SCell transmitted on PUCCH of a TDD PCell
Note that similar considerations are needed for uplink scheduling and HARQ timing if cross-scheduling of an FDD SCell from a TDD PCell is permitted.

2.2. Considerations on CSI reporting

Periodic/aperiodic CSI reporting for TDD-FDD CA can be similarly configured as for single duplex-mode CA. For periodic CSI reporting the priority of CSI reports is based on PUCCH reporting types and serving cell index. When the PCell is TDD, some restrictions could be placed on the CQI/PMI reporting period of a FDD SCell to prevent frequent dropping of CSI reports. 
2.3. Considerations on UE capability
2.3.1. Support of PUCCH Formats

A Rel-10/11 FDD CA-capable UE may only support PUCCH Format 1b with channel selection for HARQ-ACK feedback corresponding to DL reception on two configured serving cells. In contrast a Rel-10/11 TDD CA-capable UE supports both PUCCH Format 1b with channel selection and PUCCH Format 3. Based on the WID objective UEs supporting joint TDD-FDD CA can be configured for PUCCH Format 3 even if only one SCell is configured. 
2.3.2. Half-duplex capability

Through LTE Release 10, a TDD UE only required half duplex capability since a single transmission direction is operational at any time instance. In contrast, Rel-11 adds support for full duplex capability for CA with different UL/DL configurations. One aspect for further study is whether a half-duplex UE can enjoy some of the benefits of TDD-FDD CA. 
One scenario is as follows: a half-duplex UE connected to a TDD PCell could be configured to receive PDSCH on a FDD SCell by applying the same UL/DL configuration as the PCell (assuming simultaneous reception on the FDD and TDD bands). An illustration is shown in Figure 2 for TDD UL/DL Configuration 1 where it can be observed that subframes {2, 3, 7, 8} and {0, 1, 4, 5, 6, 9} are not valid DL and UL subframes respectively for the half-duplex TDD UE on the FDD SCell.
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Figure 2 Usage of a FDD secondary serving cell for half-duplex TDD UEs employing TDD UL/DL Configuration 1
Other scenarios may also be possible for supporting half-duplex UEs.
3. Conclusion

In this contribution we first review CA operation in LTE Rel-10/11 and then identify possible enhancements to support joint TDD-FDD CA. The following observations and recommendations are the result of the preliminary study:
· PHY impact for TDD-FDD CA includes scheduling and HARQ feedback timing, CSI reporting and UE capability.

· No enhancements are strictly necessary for scheduling and HARQ timing when the PCell operates in FDD mode.
· When the PCell operates in TDD mode the following enhancements can be considered
· FDD SCell operates with DL-reference and UL-reference UL/DL configurations
· Relax FDD HARQ timing
· Allow PUCCH transmission on a SCell
· In contrast to Rel-10/11 CA where a UE that supports at most 1 SCell can only be configured with PUCCH Format 1b with channel selection, PUCCH Format 3 is supported for joint TDD-FDD CA
· Consider supporting TDD-FDD CA for a half-duplex UE
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