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1
Introduction
One of the candidate enhancements included in the LTE carrier aggregation enhancement WID [1] is “Support of inter-band carrier aggregation for TDD DL and UL including different uplink-downlink configurations on different bands”. In the RAN1#66bis meeting, it was agreed that 
· Inter-band CA of TDD carriers with different TDD configurations is supported in Rel-11.
There were some discussions on the TDD UE duplex capability in the last meeting, and the essential question is whether RAN1specification should support inter-band CA with different TDD configurations on different bands for TDD UEs incapable of simultaneous transmission/reception on different bands. There was no agreement on this issue since RAN1 was not clear about the impacts of duplex capability on the UE implementation, and the RAN4 LS reply was not available during the meeting, which can now be found in [2]. 

In this paper, TDD UE capable of simultaneous transmission/reception on different bands is called full duplex UE, and TDD UE incapable of simultaneous transmission/reception on different bands is called half duplex UE, for short.
There were also some discussions to address the questions on the specification impacts, which are listed in Section 5 of this paper. Due to the quite divergent opinions from different companies, no agreement was reached last meeting, and it is expected to address the specification impacts in this meeting.    

In this paper we will provide some updates of our views on TDD UE duplex capability and specification impacts to support this feature. We also present our answers to the questions on the specification impacts in Section 5.
2
General considerations

The motivations to support inter-band CA of TDD carriers with different TDD configurations were identified in the last meeting as

· 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

We find that aggregating carriers in two bands with two different TDD configurations is enough to serve above motivations in most of the cases. Having a third TDD configuration (in a third band) would result in too complicated signalling design, and would also be quite challenging for UE RF. It might be considered in future releases if considered as necessary.
We are also supporting to limit the possible combinations of TDD configurations, in order to limit the standardization efforts on this feature, as well as to avoid complicating the timing rules for A/N and scheduling in TDD. Flexible combining of arbitrary TDD configurations can be considered in future releases if considered as necessary. Specifically, we think combinations among TDD configuration 0, 1 and 2 could be enough considering the fact that 
· those three configurations can serve almost all the motivations: configuration 1 and 2 are the best candidates for co-existence with legacy TDD systems, and quite flexible UL:DL ratios can be provided by them), and 
· those three configurations all have 5ms periodicity, thus making it possible to get a common and clean solution for the A/N and scheduling design.

Another general issue is the PUCCH on multiple carriers. Since it is possible that UE is incapable of UL CA, we think it does not make too much sense to specify PUCCH transmission on multiple carriers. For the UL CA capable UE, having PUCCH on multiple carriers will lead to more complex implementation and further workload in RAN4 for testing. Besides, the limited transmit power and the UL control coverage should be seriously considered.
As a summary, we have the following proposals:

Proposal 1: In Rel-11, at most carriers from two bands can be aggregated with different TDD configurations, and the TDD configurations to be combined should be selected from a limited subset of all seven TDD configurations, e.g., configuration 0, 1, and 2.
Proposal 2: PUCCH is always transmitted on one carrier as in Rel-10. 
3
Half-duplex TDD UE
The RAN4 LS reply indicates that full duplex UE should not be necessarily assumed when considering inter-band CA of TDD carriers with different TDD configurations. Full duplex UE may have additional complexity/cost or degraded RF performance compared with half duplex UE. With similar filtering performance as in FDD, full duplex UE is feasible.
Based on the above observations of RAN4, we think half duplex UE should also be supported for inter-band CA of TDD carriers with different TDD configurations if seen as necessary, e.g., requested by the operator in a specific deployment scenario. However, as we mentioned in our paper [3] for the last meeting, half duplex UE cannot get full benefit of inter-band CA of TDD carriers with different TDD configurations. We think RAN1 should not spend large standard efforts to optimize the operation of half duplex UE, which may complicate the signalling design and lead to different solutions for full and half duplex UE. 
In our opinion, when half duplex UE is configured inter-band CA of TDD carriers with different TDD configurations, all the serving cells should follow the timing on PCell, i.e., in the subframe when SCell has opposite transmission direction to the same subframe on PCell (called conflicting subframe), the resource on SCell are not used. In other word, we support a fixed UL/DL prioritization of the direction on PCell in conflicting subframes. The benefit of this simple and straightforward UL/DL prioritization is that the mapping rules for the timing of A/N and scheduling on PCell can be directly applied to SCell without any issue. This is because there is no extra UL or DL transmission on SCell compared to the transmissions on PCell. 
Examples on A/N timing are shown in Figure 1, with the red arrows illustrating how to map A/N from PDSCH on SCell to PUCCH on PCell. In fact, the mapping rule defined in Table 10.1-1 in [4] for the PCell TDD configuration is applied on SCell, ignoring the real SCell TDD configuration. We also suggest that A/N on PUSCH follows the same mapping rules as A/N on PUCCH.
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(a) PCell has more DL than SCell 
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(b) PCell has more UL than SCell
Figure 1: Examples for A/N timing of half duplex TDD UE 

Examples on scheduling are shown in Figure 2, with the red arrows illustrating how to map PUSCH on SCell to UL grant from PCell. In fact for cross-carrier scheduling, the mapping rule defined in Table 8-2 and Table 9.1.2-1 in [4] for the PCell TDD configuration is applied on SCell, ignoring the real SCell TDD configuration. We suggest that self-carrier scheduling on SCell still follows mapping rules corresponding to SCell TDD configuration. It should be noted that in certain cases (e.g. as shown in Figure 2 (b)), some UL resources on SCell cannot be self-scheduled; in such cases, either cross-carrier scheduling can be configured, or the resources can be just left unusable for the CA UE.
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(a) PCell has more DL than SCell 
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(b) PCell has more UL than SCell

Figure 2: Examples for scheduling timing of half duplex TDD UE 
As a summary, we have the following proposals:

Proposal 3: In Rel-11, half-duplex UE can be configured for inter-band CA of TDD carriers with different TDD configurations if seen as necessary. Transmission direction on PCell is prioritized in conflicting subframes. 

Proposal 4: For half duplex UE, A/N and cross-carrier scheduling timing for PCell TDD configuration as defined in Rel-8/9/10 are applied to SCell, ignoring the real SCell TDD configuration.
4
Full duplex TDD UE
Full duplex UE can transmit and receive in the same subframe on different bands, and there could be extra UL or DL transmissions on SCell compared to PCell. Therefore, more consideration is needed to handle the timing of A/N and scheduling for full duplex UE when configured with inter-band CA of TDD carriers with different TDD configurations.
4.1
A/N
In case that PCell has more UL than SCell, there are extra DL transmissions on SCell for which the mapping rules defined for PCell TDD configuration does not cover. Figure 3 is an example, where there is no UL associated with SF#9 according to mapping rule for TDD configuration 0. There are two options to determine the A/N timing:   
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Figure 3: Example for A/N timing of full duplex TDD UE with more UL on PCell
· Option 1: follow mapping rule for SCell TDD configuration, as illustrated by blue arrow. This option has minor standard impacts as PCell always has UL subframe corresponding to UL subframe on SCell. However, there are some obvious drawbacks with this option. First, the A/N payload of SCell is not well balanced on PCell, on which more UL resources are available. Second, two PDSCHs on PCell and SCell may have different UL subframes for A/N; for example, PDSCH in SF#0 on PCell has A/N in SF#4 as timing of TDD configurations 0, while PDSCH in SF#0 on SCell has A/N in SF#7 as timing of TDD configurations 2. Third, in case of cross-carrier scheduling there may be PUCCH resource collisions between CA UE and legacy UE; for example, SF#7 will be associated to SF#0 and SF#1 on SCell for CA UE but only SF#1 for legacy UE with TDD configuration 0. If the two UEs have the same lowest CCE index for transmission of the corresponding DCI assignment, PUCCH resource collision may happen.       

· Option 2: define new mapping rule by (n+4) principle, as illustrated by red arrow. This option requires new mapping rules to be defined beyond Table 10.1-1 in [4]. With applying the principle to leave 4ms as processing delay as in Rel-8/9/10, in that PDSCH in subframe
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is an UL subframe on PCell. The new mapping rule for the case of Figure 3 may be defined as in Table 1 as an example. The standard impacts will be larger compared with option 1, but still acceptable with limiting the possible combinations. There are no obvious drawbacks in design and performance as with option 1. 
Table 1: Example of new mapping rule for A/N timing of full duplex TDD UE with more UL on PCell, modified Table 10.1-1 in [4]
	UL-DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	6
	-
	4
	-
	-
	6
	-
	4

	Conf#0 for PCell and Conf#2 for aggregated SCell
	-
	-
	6, 4
	4
	4
	-
	-
	6, 4
	4
	4


In case that PCell has more DL than SCell, there would be some DL subframes on SCell having no UL resource on PCell according to mapping rules for SCell TDD configuration, as shown in Figure 4. Considering that UL CA cannot be always configured, having PUCCH configured on two cells is not a universal solution. A straightforward solution is to apply mapping rules for PCell TDD configuration to SCell, as illustrated by the red arrow in Figure 4. 
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Figure 4: Example for A/N timing of full duplex TDD UE with more DL on PCell

It should be also noted following the mapping rules defined for PCell TDD configuration can be viewed as a special case of defining new mapping rules by (n+4) principle, which means a common solution for both half and full duplex UE can be defined. As a summary, we have the following proposals:
Proposal 5: For full duplex UE, mapping rules for A/N timing are defined by (n+4) principle. In case of more DL on PCell, this is equivalent to the mapping rules for PCell TDD configuration.
Proposal 6: PUCCH is always transmitted on PCell as in Rel-10.
4.2
Cross-carrier scheduling
For full duplex UE, self-carrier scheduling can be done independently on each cell as in Rel-8/9/10. 
Cross-carrier scheduling was introduced in Rel-10 as one of main features of CA, and there were several benefits/use cases identified during the Rel-10 discussions, such as control channel interference management and CA-based HetNet. In our opinion, it is unreasonable that those benefits vanish in Rel-11 with inter-band CA of TDD carriers with different TDD configurations. Besides, as a half duplex UE can do cross-carrier scheduling without any issues, it would be unreasonable if a full duplex UE could not just because of standard impacts. As a result, we suggest cross-carrier scheduling is supported for full duplex UE with inter-band CA of TDD carriers with different TDD configurations.
In case that PCell has more UL than SCell, there are extra DL transmissions on SCell which cannot be cross-carrier scheduled following the principle in Rel-8/9/10 that DL assignment is in the same subframe as PDSCH. In this case, multi-subframe DL scheduling can be introduced, which could be similar to multi-subframe UL scheduling defined in Rel-8 for UL grant with TDD configuration 0. It should be noted that some companies proposed a limited usage of cross-carrier scheduling by leaving non-schedulable DL subframes on SCell unusable for the CA UE. However, we think such a limitation may break the benefit/motivation of inter-band CA of TDD carriers with different TDD configurations and/or cross-carrier scheduling. For example, in CA scenario 4 which might be the most relevant use case, it is typical to have the cell on Macro base station configured with UL-heavy TDD configuration (to ensure UL control coverage), while have cells on RRHs configured with DL-heavy TDD configuration (to boost DL capacity in indoor/hotspot area); it is also beneficial to have cells on RRHs cross-carrier scheduled from the cell on Macro base station to have better interference management for control channel. Leaving some of the DL resources on RRH cells unusable is obviously conflicting the motivation to have such deployment/configuration. 
As a summary, we have the following proposal:

Proposal 7: Cross-carrier scheduling is supported for full duplex UE with inter-band CA of TDD carriers with different TDD configurations. Multi-subframe DL scheduling could be considered to utilize all DL resources on SCell.

In case that PCell has more UL than SCell, there is no extra UL transmission on SCell for which the mapping rules defined for PCell TDD configuration does not cover. It is then straightforward to apply mapping rules of scheduling timing for PCell TDD configuration to SCell, as illustrated by the red arrow in Figure 5.
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Figure 5: Example for scheduling timing of full duplex TDD UE with more UL on PCell

In case that PCell has more DL than SCell, there will be extra UL transmission on SCell for which the mapping rules defined for PCell TDD configuration does not cover. For example, in the case shown in Figure 6, there is no DL subframe containing UL grant/PHICH for SF#8 according to the mapping rule for TDD configuration 2. 
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Figure 6: Example for scheduling timing of full duplex TDD UE with more DL on PCell
Unlike the case with A/N timing discussed in 4.1, simply following the mapping rules for SCell TDD configuration (SF#7 on SCell cross-carrier scheduled from SF#1, illustrated by the blue arrow in Figure 6) or defining the new mapping rules by (n+4) principle (SF#8 on SCell cross-carrier scheduled from SF#4, illustrated by the red arrow in Figure 6) will not work if legacy UE is taken into account. This is because a legacy UE on cell#0 with TDD configuration 2 will assume no PHICH in SF#1 or SF#4, and if the PHICH for the CA UE is transmitted in such subframes, the legacy UE will not be able to correctly find resource elements for its PDCCH. The solution to determine the scheduling timing is this case would be to define new mapping rules with modified (n+4) principle, in that PUSCH in subframe
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is used for PHICH according to the mapping rules for PCell TDD configuration. The new mapping rule for the case of Figure 6 may be defined as in Table 2 as an example.

Table 2-1: Example of a new mapping rule for scheduling timing of full duplex TDD UE with more DL on PCell, modified Table 8-2 in [4]

	TDD UL/DL
Configuration
	subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	2
	
	
	
	4
	
	
	
	
	4
	

	Conf#2 for PCell and Conf#1 for aggregated SCell
	
	
	
	4, 5
	
	
	
	
	4, 5
	


Table 2-2: Example of a new mapping rule for scheduling timing of full duplex TDD UE with more DL on PCell, modified Table 9.1.2-1 in [4]
	TDD UL/DL
Configuration
	subframe index n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	2
	
	
	6
	
	
	
	
	6
	
	

	Conf#2 for PCell and Conf#1 for aggregated SCell
	
	
	6
	5
	
	
	
	6
	5
	


As a summary, we have the following proposals:

Proposal 8: For full duplex UE, mapping rules for cross-carrier scheduling timing are defined by the modified (n+4) principle. In case of more UL on PCell, this is equivalent to the mapping rules for PCell TDD configuration.

Proposal 9: PHICH is always transmitted on the same cell as UL grant.
5
Answers to the questions
In this section, we provide our views on the questions addressing the standard impacts.

· Is cross-carrier scheduling between aggregated TDD cells with different UL-DL configurations supported?

[NNSN]: Corss-carrier scheduling should be supported for both UL and DL when some benefits can be justified. 

· How many bands are supported? (QC: supporting more than 2 bands is quite unrealistic) 
[NNSN]: At most two bands with two different TDD configurations should be supported.

· Are there any restrictions on which combinations of UL-DL configurations can be aggregated? 
[NNSN]: The TDD configurations to be combined should be selected from a limited subset of all seven TDD configurations, e.g., configuration 0, 1, and 2.
· Is PUCCH still transmitted on only 1 CC? 
[NNSN]: Yes. 

· Is PUCCH always on the PCell? 
[NNSN]: Yes, at least for this feature. 

· Is PHICH transmitted on the cell carrying the UL grant? 
[NNSN]: Yes.

· Same HARQ timing rules as in Rel-10? 
[NNSN]: The HARQ timing rules of PCell should be kept same as in Rel-10. In the case that timing rules of PCell cannot cover all DL subframes on SCell, new HARQ timing rules should be defined by (n+4) principle for SCell.  

· Same scheduling timing as in Rel-10? 
[NNSN]: Scheduling timing for self-carrier scheduling should be kept same as in Rel-10. For cross-carrier scheduling, the scheduling timing rules of PCell should be kept same as in Rel-10. In the case that timing rules of PCell cannot cover all UL subframes on SCell, new UL scheduling timing rules should be defined by modified (n+4) principle for SCell. Multi-subframe scheduling could be introduced in DL to utilize all DL resources on SCell.
6
Conclusion
In this paper we provided our general view on supporting inter-band CA and different TDD configurations on different bands, and have the following proposals:
Proposal 1: In Rel-11, at most carrier from two bands can be aggregated with different TDD configurations, and the TDD configurations to be combined should be selected from a limited subset of all seven TDD configurations, e.g., configuration 0, 1, and 2.

Proposal 2: PUCCH is always transmitted on one carrier as in Rel-10. 
Proposal 3: In Rel-11, half-duplex UE can be configured for inter-band CA of TDD carriers with different TDD configurations if seen as necessary. Transmission direction on PCell is prioritized in conflicting subframes. 

Proposal 4: For half duplex UE, A/N and cross-carrier scheduling timing for PCell TDD configuration as defined in Rel-8/9/10 are applied to SCell, ignoring the real SCell TDD configuration.
Proposal 5: For full duplex UE, mapping rules for A/N timing are defined by (n+4) principle. In case of more DL on PCell, this is equivalent to the mapping rules for PCell TDD configuration.

Proposal 6: PUCCH is always transmitted on PCell as in Rel-10.
Proposal 7: Cross-carrier scheduling is supported for full duplex UE with inter-band CA of TDD carriers with different TDD configurations. Multi-subframe DL scheduling could be considered to utilize all DL resources on SCell.

Proposal 8: For full duplex UE, mapping rules for cross-carrier scheduling timing are defined by the modified (n+4) principle. In case of more UL on PCell, this is equivalent to the mapping rules for PCell TDD configuration.

Proposal 9: PHICH is always transmitted on the same cell as UL grant.
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