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1
Introduction
The new WI of CA enhancement was agreed in RAN#51 meeting [1]. In RAN1#66 meeting, the following agreements were reached:
1. No new TDD UL/DL configurations will be considered in this WI.
2. If support of different TDD UL-DL configurations on different bands is specified, it is assumed that the UEs will be informed of the actual UL/DL configuration of aggregated CC.
In RAN1#66bis meeting, the following agreement was reached:

· Support the inter-band CA of TDD Carriers with different configurations in Rel-11.

And also identify the benefits of supporting inter-band CA of different TDD configuration
· Legacy system co-existence

· Hetnet support, aggregation of traffic-dependent carriers

· Flexible configuration: more UL subframe in lower band for better coverage, and more DL subframes in higher band

· Higher peak rate

For inter-band CA with different TDD configuration, both half duplex mode and full duplex mode are possible ways forward. In this paper, we analyse the issues and possible solutions for HARQ procedure in full duplex mode. The analysis of HARQ procedure issues for half duplex mode is presented in another paper [2].
2
Discussions
HARQ procedure and timing issues are key problem that need to be solved for both half duplex mode and full duplex mode for inter-band CA with different TDD configuration. Analysis and solutions were widely proposed in the last RAN1 meeting [3-13]. In this section, HARQ procedure and timing issues for both self-scheduling and cross-carrier scheduling are discussed.
2.1 


Self Scheduling
For full duplex mode with self-scheduling, the major and only issue is the PUCCH missing problem. This is because in current Rel-10, PUCCH is always transmitted on Pcell, and if the UL feedback timing of the Scell is following the timing of the TDD configuration in the same cell, the corresponding subframe in Pcell is not always an UL subframe. This is shown in the following figure:
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Figure 1 PUCCH missing problem
Here, we can see that the PUCCH which carries UL feedback for the DL transmission in subframe#4 of the Scell cannot be transmitted in subframe#8, since subframe#8 in Pcell is a DL subframe. 
From further analysis we see that this problem happens when the Scell UL subframes is not a subset of the Pcell UL subframes. Based on this, [3]

 REF _Ref308083884 \r \h 
[4] propose to limit the combinations of TDD configurations (Alternative#1), so that the UL subframes of one TDD configuration is the subset of the UL subframes of the other TDD configuration. This method could avoid the problem, but it also limits the flexibility of aggregation which was one of the observed benefits in the last RAN1 meeting. Also, this method limits the Pcell selection for the TDD UE since the cell with the TDD configuration with more UL subframes always has to be selected as the Pcell, which will further result in unbalanced PDCCH load. Also, always requiring the Pcell to have more UL subframes results in further problems in cross-carrier scheduling, which will be discussed in the next sub-section.
An alternative solution is that the UL feedback timing of the Scell always follows the UL feedback timing of the PCell if this problem happens for a specific combination (Alternative #2). For example in figure 1, if the UL feedback timing of the DL transmission in subframe#4 in the Scell follows the corresponding timing of the Pcell, the UL feedback will be transmitted in subframe#2. A similar solution is also proposed in [5]. This alternative does not introduce new HARQ timing and solves the PUCCH missing problem. The additional cost is that there will be an increased number of DL HARQ process number for the Scell, but can easily be solved by reusing the DL HARQ process number of the Pcell. It is noted that in this case, even if the PUCCH on the Scell is not enabled, it is already supported in Rel-10 that the HARQ-ACK can be piggybacked on the PUSCH on the Scell when simultaneous PUCCH and PUSCH is not configured. Therefore, at least for the case when there is PUSCH on the Scell, redefining the UL feedback timing seem unnecessary. 
Many papers in last RAN1 meeting [3]
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[4]
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[5]
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[6]
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[7]
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[8] propose the solution that enable PUCCH on Scell when Pcell is not an UL subframe (Alternative #3). In figure 1, subframe#8 in Pcell is a DL subframe. Then the PUCCH that carries the UL feedback of subframe#4 in Scell will be transmitted in the Scell UL subframe. This method is aligned with the Rel-10 PUCCH design principle, where only one PUCCH is transmitted at a time, and the only change is the PUCCH location. The advantage of this alternative is a total reuse of the HARQ procedure and timing in Rel-10 and no specification and implementation modification is needed except for the PUCCH location. The cost of this method is that the UL of Scell needs to always be aggregated and synchronized, in order to guarantee PUCCH transmission on the Scell. In case there is PUSCH on the Scell, uplink synchronization for Scell is anyway necessary. Even if there is no PUSCH on the Scell for a time period, uplink synchronization for SRS transmissions might still be required as it is normally considered as beneficial for TDD to make use of channel reciprocity for downlink scheduling. It is also noted that enabling PUCCH on the Scell as discussed above does not require simultaneous PUCCH transmissions on multiple cells, so there is limited extra UE complexity from this. 
Observation 1: The PUCCH missing problem can be easily solved by alternative #2 and alternative#3, which makes full duplex mode with self-scheduling a clear way forward. 
Observation 2: Fewer issues are found in self-scheduling for full duplex mode compared with half duplex mode addressed in [2].
2.2 


Cross-carrier Scheduling

When cross-carrier scheduling is enabled for inter-band CA with different TDD configuration, the problem mainly happens for PDCCH and PHICH. In the following, the PDCCH and PHICH issues and corresponding solutions are analysed and discussed.
2.2.1 



PDCCH Issues
When cross-carrier scheduling is enabled, PDCCH for scheduled cell may be missing because the corresponding subframe in scheduling cell is not a DL subframe. For example in the following figure, Scell with TDD configuration #2 is configured to be scheduled from Pcell with TDD configuration #1. Then in subrame #3, the PDCCH cannot be transmitted in the Pcell and DL assignment for subframe #3 and UL grant for subframe #7 on the Scell will be missed.
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Figure 2 PDCCH missing problem in cross-carrier scheduling
It is observed that this problem happens when the DL subframe of the scheduled cell is not in the set of DL subframes of the scheduling cell. 
One possible solution is to partially enable the cross-carrier scheduling (Alternative #1). This means cross-carrier scheduling is not always enabled depending on the TDD configuration combination or for subframes that have problems. More specifically, the two possible ways are:

· Partially enable the cross-carrier scheduling depending on TDD configuration combination (Alternative #1-1): for example, for a specific TDD configuration combination, if the DL subframe of scheduled cell is not in the set of DL subframes of scheduling cell, cross-carrier scheduling is not supported. This alternative has a large limitation in the usage of cross-carrier scheduling, or alternatively, the allowed configuration combinations are limited if cross-carrier scheduling is required.
· Partially enable cross-carrier scheduling on the subframe level (Alternative #1-2): For those subframes that the corresponding DL assignment or UL grant coincides with the UL subframe of the scheduling cell, do not use cross-carrier scheduling is not supported. With the example in figure 2, for subframe #3 and subframe #7 in Scell, cross-carrier scheduling is not supported and hence the DL assignment for subframe #3 and UL grant for subframe #7 are both in the Scell. With this alternative, there will be no limitation in the TDD configuration combination, and cross-carrier scheduling is only restricted for those subframes that are problematic.
In [14], the use cases for cross carrier scheduling are discussed. More specifically the main motivations seen are
a) PDCCH load balancing, 

b) HetNet Scenario, and

c) PDCCH-less Carrier

However, enabling PDCCH on the Scell temporarily (Solution #1-2) has limited impact on these aspects. More specifically, for a) the extra PDCCH load is only relevant for the overlapped subframes. Also, if alternatively the PDCCH for these subframes is relocated to a previous subframe it effectively worsens the PDCCH load for those subframes as an increased number of UEs and subframes need to be scheduled from there. For b) interference coordination is still possible via Scell based on E-PDCCH, which is one of the optimization consideration is for eICIC. But note that for the non-overlapped subframes, it is always possible to transmit the grant on the Pcell which in the first place shall have good control link. c) is not a big issue either as a E-PDCCH can be available on the new carrier type. Based on this analysiws, we think defining new DL and UL grant timing (e.g., to define new mechanism such as cross subframe scheduling) is not justified at this stage. 

Another possible solution is using cross-subframe scheduling (Alternative #2) which is also proposed in [5]

 REF _Ref308099821 \r \h 
[9]
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[10]. Then it is possible in one DL subframe to schedule multiple DL transmissions in different DL subframes. For the example in figure 2, the DL assignment for subframe #3 of the Scell could be moved to subframe #1 of Pcell. Then in subframe #1 of the Pcell, DL assignments for the Scell will schedule both subframe #1 and subframe #3 in the Scell. For UL grant in subframe #7 in the Scell, when moved to subframe #1 in the Pcell, the UL grant timing is changed. Although such method could solve the problem, new HARQ timing and possible changes of DCI are required. Methods that introduce new HARQ timing needs to be carefully considered since they will introduce large specification work in order to define HARQ timing for each of the combinations. Furthermore this will lead to different HARQ timing defined for the case with and without cross-carrier scheduling. When a UE is configured with cross carrier scheduling, it will also have a different HARQ timing compared with a legacy UE. All these changes result in extra complexity in eNB’s scheduling. 
Specifically for the UL grant, there is a different alternative where the UL grant timing always follows the scheduling cell’s timing (Alternative #3). For the example in figure 2, the UL grant timing of subframe #7 in Scell could follow the timing of subframe #7 in Pcell. This method is only usable when the UL subframe of the scheduled cell is in the set of UL subframes of the scheduling cell. Fortunately, when the UL grant missing problem happens, in most cases this condition is fulfilled. The cost of this method is the in-consistent scheduling time for new UEs and legacy UEs which will increase the complexity of eNB scheduler.
Observation 3: Partially enable cross-carrier scheduling in subframe level is a clear solution for PDCCH missing problem
2.2.2 



PHICH Issues
Similar to the PDCCH issues, the PHICH of the scheduled cell is also possibly missed since the corresponding subframe in scheduling cell is not a DL subframe. If the PHICH is always transmitted on the carrier that contains the corresponding UL grant, the PHICH missing problem can be solved with the methods used to solve the PDCCH missing problem and no extra work is required for PHICH missing problem 
Observation 4: The PHICH missing problem can be solved by the same solutions as for the PDCCH missing problem.
Another PHICH issue is the PHICH compatible issues. This problem happens when the DL subframe of the scheduling cell does not contain PHICH for legacy TDD UEs. In the following figure, the PHICH of subframe #8 in Scell is transmitted in subframe #5 of Pcell. But for legacy TDD UEs that operated in Pcell, they assume there is no PHICH transmission in subframe #5 in Pcell according to the PHICH timing of Pcell. Then eNB will reserve PHICH resource for new TDD UEs in subframe #5 in Pcell, but legacy TDD UEs will still regard those resources as PDCCH resources resulting in PDCCH decoding error. 
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Figure 3 PHICH compatible problem
In [11], one solution is proposed that such kind of PHICH is transmitted in the first DL subframe that allows the PHICH transmission (Alternative #1). For the example in figure 3, when subframe #5 in Pcell is not allowing PHICH transmission, the PHICH for Scell subframe #8 will be moved to subframe #6 of Pcell. This method will introduce new PHICH timing and needs careful consideration since new timing definition will introduce large specification work.

The method that do not introduce new HARQ timing is proposed in [12], that UL scheduling for all CCs follows the timeline of the scheduling CC when scheduling CC is UL heavy (Alternative #2). This method could also be used for some subframes when the scheduling cell is not UL heavy. In figure 3, the PHICH timing for subframe #8 of the Scell could follow the PHICH timing of subframe #8 of the Pcell. The disadvantage of this method is that it cannot be used for all combinations.
In [12], it is also proposed that UL data transmission in problematic subframes in the scheduled cell relies on PHICH-less operation (Alternative#3). The drawback is that the PDCCH is always needed for UL retransmission. The overhead reduction of UL non-adaptive synchronous HARQ will then be lost.
Another solution is to consider reserving new resources for the PHICH transmission for the scheduled cell (Alternative #4). This method is also proposed in [7][13]. For example, some CCEs or some PRBs could be pre-defined for PHICH transmission for scheduled cell. This new PHICH mapping will be totally transparent to legacy UEs, and thus is backward compatible. Furthermore, it requires no new HARQ timing. As the CCE used for PHICH is interleaved in the REG level and then distributed in the frequency and time domain, the link performance of PHICH is guaranteed. 
Observation 5: The same problems occur for cross-carrier scheduling compared with half duplex mode that addressed in [2].
Proposal 1: The HARQ timing from Rel-10 is kept to avoid large specification work.

3
Conclusions
In this paper, we analysis HARQ procedure and timing problems and solutions for full duplex mode for inter-band CA with different TDD configurations, and have the following observations and proposals:
On issues with Self-scheduling

Observation 1: PUCCH missing problem can be easily solved by having UL feedback timing of the Scell always follow the UL feedback timing of the Pcell or enable PUCCH on Scell when Pcell is not an UL subframe. This makes full duplex mode with self-scheduling a clear way forward. 

Observation 2: Fewer issues found in self-scheduling for full duplex mode compared with half duplex mode addressed in [2].
On PDCCH and PHICH issues

Observation 3: Partially enable cross-carrier scheduling in subframe level is a clear solution for PDCCH missing problem
Observation 4: The PHICH missing problem can be solved by the same solutions as for the PDCCH missing problem.
Observation 5: The same problems occur for cross-carrier scheduling compared with half duplex mode.

Proposal 1: The HARQ timing from Rel-10 is kept to avoid large specification work.
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