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1
Introduction
At the RAN Plenary meeting #61 LTE TDD-FDD joint operation was adopted as a work item. The objective is to enhance LTE TDD-FDD joint operation with LTE TDD-FDD carrier aggregation feature and potentially also with other TDD-FDD types joint operation.
In this document we consider design approaches for LTE TDD-FDD joint operation with carrier aggregation (CA).
2
Discussion
In LTE Rel-10/11, a UE can be configured with multiple component carriers (CCs). Rel-10 supports FDD + FDD CA, and TDD+TDD CA of same DL/UL subframe configuration. Rel-11 further supports TDD + TDD CA of different DL/UL subframe configurations. Rel-12 will support LTE TDD + FDD joint operation, including CA and possibly other types of operation (e.g., dual-connectivity when there is non-ideal backhaul between two or more CCs), satisfying the following requirements:

· UEs supporting FDD and TDD CA 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.
In this document we discuss the control solutions needed to support the LTE TDD + FDD joint operation. Two baseline scenarios are considered: FDD CC is the PCC/controlling CC and TDD is the PCC/controlling CC.
2.1
FDD CC as the PCC/controlling CC
2.1.1
DL Operation

Support of self-scheduling as well as cross-carrier scheduling of PDSCH can be readily provided since FDD CC has the full set of DL subframes available. Note that utilizing the FDD DCI format to cross-schedule the TDD CC allows sharing of the search spaces of both CCs in case of the same BW and Tx mode.
Since Rel-10/11 CA supports PUCCH on PCC only, regardless of the scheduling configuration (cross-carrier scheduling or the same carrier scheduling), the UL control on PUCCH will be transmitted on FDD CC. Since FDD UL CC has the full set of UL subframes available, it would be beneficial to utilize that feature and provide more efficient HARQ operation on a TDD CC. Namely, the HARQ feedback for PDSCH transmissions on TDD CC can follow the FDD timeline, i.e. it can be sent 4 ms after the PDSCH transmission. This can provide shorter HARQ delays (as compared to TDD timeline) on the TDD CC. Also, throughput loss due to ACK/NACK bundling/multiplexing can be reduced.  
Proposal 1: Cross-carrier scheduling is supported for PDSCH: PDCCH on a FDD serving cell c in subframe n can schedule PDSCH on other serving TDD cell(s) in subframe n.
Proposal 2: HARQ feedback for PDSCH transmissions on TDD CC follows FDD timeline, i.e. it is transmitted 4 ms after the PDSCH transmission. 

Proposal 3: CSI configuration is based on the sets supported by FDD CC.
Proposal 4: FDD DCI format is utilized to cross-schedule a TDD CC.

2.1.2
UL Operation

In case of self-scheduling, scheduling and the HARQ timeline for the TDD CC can simply follow the timeline of the TDD CC.
For the cross-carrier scheduling, the simplest solution is to use the FDD HARQ timeline for the SCC TDD carrier. Using the FDD HARQ time line for the SCC TDD carrier means that PUSCH on TDD UL subframe is sent 4ms after the PDCCH grant or PHICH NAK, and ACK/NAK for a TDD UL subframe is sent 4ms later. As a general rule, when using cross-carrier scheduling, for FDD PCC and TDD SCC, we minimize feedback delay by using the following:
· TDD UL subframe is sent 4ms after the PDCCH grant

· PHICH ACK/NAK is sent 4ms after TDD UL subframe.
In case of cross-carrier scheduling, the exact FDD HARQ timeline does not actually minimize the overall HARQ delay. As an example, for DL-UL configuration 5 we have the following: 
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As it can be seen, the UL HARQ retransmission delay is 40ms. In order to minimize delay, HARQ periodicity can be made 10ms and the following approaches can be considered.

Approach 1:

The rules are defined as:
· TDD UL subframe is sent 4ms after the PDCCH grant

· TDD UL subframe is sent 6ms after PHICH NAK

· PHICH ACK/NAK is sent 4ms after TDD UL subframe

An example with DL-UL configuration 5:
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Figure 1: Timeline for DL-UL TDD configuration 5.
Note that the above HARQ rules can be applied to any DL-UL configuration. Another example here is for DL-UL TDD configuration 0:
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Figure 2: Timeline for DL-UL TDD configuration 0.
The new combining rule hence assumes that PHICH sent in SF #n can be overwritten by PDCCH in SF #n+2.
Approach 2:

In order to maximize eNB scheduling flexibility, the approach 1 rules can be slightly modified, while still keeping HARQ periodicity of 10ms:
· TDD UL subframe is sent 4ms after the PDCCH grant

· TDD UL subframe is sent 4ms after PHICH NAK

· PHICH ACK/NAK is sent 6ms after TDD UL subframe.
Examples with DL-UL configuration 5 and 0 are shown in Figure 3and Figure 4, respectively.
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Figure 3: Timeline for DL-UL TDD configuration 5.
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Figure 4: Timeline for DL-UL TDD configuration 0.
Note again that the above HARQ rules can be applied to any DL-UL TDD configuration. This combining rule assumes that PHICH sent in SF #n can be overwritten by PDCCH in SF #n. This allows additional for an additional eNB scheduling flexibility. For example, if the eNB already sent a PHICH NAK it could still change its decision and 2 ms later it can give all UL resources to another UE (e.g. because it received a BSR on the PCell). This is possible with approach 2, but not possible with approach 1. The drawback of the approach 2 is that the handling of PHICH collisions is a bit complicated as DMRS used in DCIs from different subframes need to be combined (however note that this is also the case for some combinations supported in Rel-11 for CA of TDD CCs of different DL-UL TDD configurations).

Note that with both Approach 1 and 2, the number of UL HARQ processes equals the number of UL subframes in a frame, as shown in Table 1.
Table 1: Number of UL HARQ processes
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Proposal 5: In case of self-scheduling, scheduling and the HARQ timeline for the PUSCH on TDD CC follows the timeline of the TDD CC.

Proposal 6: Cross-carrier scheduling is supported for PUSCH: PDCCH on a FDD serving cell c in subframe n can schedule PUSCH on other serving TDD cell(s) in subframe n+4.

Proposal 7: For cross-carrier scheduling, HARQ periodicity for PUSCH transmissions on TDD CC is 10 ms.

Proposal 8: For cross-carrier scheduling, HARQ feedback on PHICH is transmitted X ms after the PUSCH transmission on TDD UL subframe. Values for X to be considered are 4 and 6 ms.
2.2
TDD CC as the PCC/controlling CC
Defining the control timeline and procedures for the case when TDD CC is the PCC/controlling CC is a more difficult task than the case when FDD CC is the PCC/controlling CC. The reason is that TDD CC always has a subset of both UL and DL subframes compared to FDD UL and DL CCs. Similar (but not to that extent as in the case of FDD CC) issues were faced in Rel-11 where CA of TDD of different DL-UL TDD configurations was considered. Having that in mind, one straightforward approach to define control timeline for TDD + FDD CA when TDD CC is the PCC/controlling CC is to start from Rel-11 design. 
When TDD is the primary CC in TDD + FDD CA, FDD DL (and/or FDD UL) can be treated similarly as one of the TDD DL/UL subframe configurations. Hence, FDD DL can be treated as the TDD DL-UL configuration with the largest number of DL subframes (9 DL : 1 UL), i.e. configuration 5. FDD UL can be treated as the TDD DL-UL configuration with the largest number of UL subframes (4 DL : 6 UL), i.e. configuration 0. With this approach where FDD DL is treated as the TDD reference configuration 5, up to 90% of FDD DL subframes can be used. One subframe out of ten subframes in DL can’t be used for PDSCH for the UE, but can possibly be used by other UEs, or by MBMS service for the UE and/or other UEs. For FDD UL treated as configuration 0, up to 60% of FDD UL subframes can be utilized, i.e. four out of ten UL subframes can’t be used for UL transmissions either completely or at least partially (in case of subframes 1/6). Which TDD DL-UL reference configuration to be used for FDD CC can be signalled by RRC or can be explicitly specified in the standard.
Handling of the special subframes in FDD DL also needs to be addressed. The preferred approach is to always treat them as a regular DL subframes. For full-duplex UEs, the DL transmissions will span the entire special subframe, and for half-duplex UEs, the DL transmissions will be omitted on the special subframe instances on PCC. Special subframes on FDD UL can be always treated as a regular non-usable DL subframe.
While directly reusing the Rel-11 design and treating FDD DL and UL CCs as TDD CCs of specific TDD configurations is simple, the drawback is that not all FDD DL and UL subframes can be fully utilized. As shown in Figure 5, the subframes 2 in FDD DL, and subframes 0/1/5/6 in FDD UL would not be utilized due to the lack of control signalling defined by Rel-11.
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Figure 5: TDD CC as PCC and FDD CC as SCC, FDD DL SCC treated as TDD UL-DL configuration 5 and FDD UL SCC treated as TDD UL-DL configuration 0

This can be improved by allowing scheduling and HARQ feedback for these DL and/or UL subframes on FDD CCs even when the TDD CC is the PCC, while still applying one reference TDD DL-UL subframe configuration to the FDD DL CC and another reference TDD DL-UL subframe configuration to the FDD UL (where the two reference configurations may or may not be the same).
2.2.1
Enhanced DL Operation

In case of the same-carrier scheduling on FDD CC, PDSCH in above ‘unusable’ DL subframes can be scheduled by the control channel in the same subframes. The same applies if the cross-carrier scheduling is configured from another FDD CC. PDSCH may also be semi-persistently scheduled in those subframes.
When there is a configured cross-carrier scheduling for PDSCH on FDD CC to be scheduled by a TDD CC, cross-subframe scheduling can be enabled. For example, for the DL-UL TDD configuration 5 applied to FDD DL CC the control channels for subframe 2 may be transmitted on subframe 1 on the TDD CC.
HARQ feedback for these subframes can be bundled with ACK/NAK for other DL subframe(s). For example, for the DL-UL TDD configuration 5 applied to FDD DL CC, ACK/NAK for FDD DL subframe 2 can be bundled in time-domain with ACK/NAK for FDD DL subframe 1. In that case subframe 2 can be used for PDSCH transmission on the FDD DL SCC, as shown in Figure 6.
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Figure 6: TDD CC as PCC and FDD CC as SCC with enhanced subframe reuse

2.2.2
Enhanced UL Operation

In case of the same-carrier scheduling on FDD CC, PUSCH in above ‘unusable’ UL subframes can be scheduled by the control channels in the subframes as defined by FDD CC timeline (e.g., PDCCH/EPDCCH in subframe 2 of FDD DL CC schedules PUSCH in subframe 6 of FDD UL). PUSCH may also be semi-persistently scheduled in these subframes.
When there is a configured cross-carrier scheduling for PUSCH on FDD CC to be scheduled by a TDD CC, cross-subframe scheduling (for PDCCH/EPDCCH) or cross-subframe HARQ ACK for PHICH can be enabled for additional FDD UL subframes. One possible realization of the enhanced approach where all FDD UL CC subframes could be scheduled is shown in Table 2 (Grant in subframe n schedules PUSCH transmission in subframe n+k, where k is an entry in the table). The black entries in Table 2 correspond to Rel-10 specification, and red entries would be an addition to provide for scheduling support of all FDD UL subframes. For example, if the FDD UL CC is treated as DL-UL TDD configuration 0, then only four additional entries are needed, where subframe 0 on TCC CC could schedule subframe 5 on FDD UL CC, subframe 1 on TCC CC could schedule subframe 6 on FDD UL CC, subframe 5 on TCC CC could schedule subframe 0 on FDD UL CC, and subframe 6 on TCC CC could schedule subframe 1 on FDD UL CC.
Table 2: FDD UL CC scheduling timeline for cross-scheduling from TDD CC
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TDD UL/DL   Configuration  subframe number  n  

0  1  2  3  4  5  6  7  8  9  

0  4 , 5  5,  6     4 , 5  5,  6     

1  4, 5  5,  6    4  4, 5  5,  6    4  

2  4  4,  5   4  4  4  4 , 5   4    4  

3  4 ,   6  6, 7     4  4  4  4  4 , 6  

4  4 , 5  5, 6    4  4  4  4  4  4  

5  4  4, 5   4  4  4  4  4  4  4  

6  5 ,  7  5,  7     4,  7  4, 5,  7    5  


If cross-subframe HARQ (e.g., via ACK/NAK bundling, or increased PHICH resource pool) is not desirable, we can consider not supporting non-adaptive UL re-transmission via PHICH for these UL subframes.
Proposal 9: In case of self-scheduling, scheduling timeline for FDD CC follows its own timeline.
Proposal 10: HARQ feedback is based on the reference DL-UL configuration applied to FDD CC.

Proposal 11: Reference configuration for FDD UL CC may be different from the one for FDD UL CC. FFS if the reference configurations are fixed or can be configured by RRC signalling.

Proposal 12: Enhancements to provide better/full utilization of FDD subframes are FFS.

2.2.2
Additional Considerations

When TDD CC is a PCC and FDD CC is a SCC, if DL-UL TDD configuration 5 is used as the actual or the reference configuration, there may be a limit on how many CCs can be aggregated in CA for a UE. This is because TDD DL-UL subframe configuration 5 has 9:1 (DL:UL) ratio, and even with ACK/NAK spatial bundling, there are still up to 9 ACK/NAK bits to be fedback by the UE for the CC. PUCCH format 3 for ACK/NAK feedback has the limited capacity of up to 22 bits in Rel-11. Thus, up to two CCs of TDD DL-UL subframe configuration 5can be aggregated.
If aggregation of more than two CCs of TDD DL-UL subframe configuration 5/FDD CCs with TDD CC as a PCC is desired additional solutions for HARQ feedback on PUCCH are needed. Those solutions could include additional bundling (e.g., time-domain, CC-domain bundling), or support of parallel PUCCH transmissions.
3
Conclusions 
In this document we discussed the solutions to support LTE TDD+FDD CA. Based on the discussion we propose the following:

FDD CC as the PCC/controlling CC:
Proposal 1: Cross-carrier scheduling is supported for PDSCH: PDCCH on a FDD serving cell c in subframe n can schedule PDSCH on other serving TDD cell(s) in subframe n.

Proposal 2: HARQ feedback for PDSCH transmissions on TDD CC follows FDD timeline, i.e. it is transmitted 4 ms after the PDSCH transmission. 

Proposal 3: CSI configuration is based on the sets supported by FDD CC.

Proposal 4: FDD DCI format is utilized to cross-schedule a TDD CC.

Proposal 5: In case of self-scheduling, scheduling and the HARQ timeline for the PUSCH on TDD CC follows the timeline of the TDD CC.

Proposal 6: Cross-carrier scheduling is supported for PUSCH: PDCCH on a FDD serving cell c in subframe n can schedule PUSCH on other serving TDD cell(s) in subframe n+4.

Proposal 7: For cross-carrier scheduling, HARQ periodicity for PUSCH transmissions on TDD CC is 10 ms.

Proposal 8: For cross-carrier scheduling, HARQ feedback on PHICH is transmitted X ms after the PUSCH transmission on TDD UL subframe. Values for X to be considered are 4 and 6 ms.

TDD CC as the PCC/controlling CC:
Proposal 9: In case of self-scheduling, scheduling timeline for FDD CC follows its own timeline.

Proposal 10: HARQ feedback is based on the reference DL-UL configuration applied to FDD CC.

Proposal 11: Reference configuration for FDD UL CC may be different from the one for FDD UL CC. FFS if the reference configurations are fixed or can be configured by RRC signalling.

Proposal 12: Enhancements to provide better/full utilization of FDD subframes are FFS.
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