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1 Introduction
In R10 LTE TDD, carrier aggregation (CA) is introduced but only intra-band CA with same TDD UL-DL configurations across all aggregated cells is supported. In the approved R11 LTE CA enhancements WID [1], the objective includes the following working area to be investigated as one TDD CA enhancement:

· “Support of inter-band carrier aggregation for TDD DL and UL including different uplink-downlink configurations on different bands”.
The above bullet gives the following two kinds of TDD CA operation to be studied in R11:

· Inter-band CA with same TDD UL-DL configuration across aggregated cells. To support this, it seems no additional work on top of R10 CA mechanism is needed in RAN1 and mainly RAN4 is involved.
· Inter-band CA with different TDD UL-DL configurations on aggregated cells. To support this, there are some issues to be worked out in RAN1 and RAN2. Issues regarding scheduling and corresponding HARQ timing may be brought in the first instance.
This contribution is an update of R1-112247, in which we discuss the inter-band CA with different TDD UL-DL configurations on aggregated cells and provide our views on the questions brought up in RAN1#66.
2 Discussions
2.1 Application scenarios 
Though some of potential deployment scenarios which inter-band CA can apply to are defined in TS 36.300 (e.g. scenario #2/3/4), only intra-band CA is supported in R10 LTE TDD. Due to the restriction of intra-band CA in R10, when CA is deployed, TDD UL-DL configurations shall be aligned across all aggregated cells to avoid severe self-interference, which limits the TDD merit of flexible resource utilization by configuring UL-DL ratio based on UL-DL traffic asymmetry. However, given the introduction of inter-band CA for TDD in R11, it is unnecessary to configure aggregated cells on different bands with same UL-DL configurations thanks to frequency guard band. 
There are two possible scenarios where it is of interest to apply inter-band CA with different TDD UL-DL configurations on different bands:
· CA based Het-net deployments: Figure 1 shows a typical example, where CC1 and CC2 are on different bands, Macro Cell on CC1 provides the Macro coverage and RRH cells on CC2 are used to improve throughput at hot spots, and RRH cell on CC2 can be aggregated with underlying Macro cell on CC1. As mobility is performed based on CC1 coverage, the UL-DL configuration on CC1 should primarily consider sufficient number of UL subframes to guarantee UL coverage even if UL traffic load is very low, e.g. 2 UL subframes per half frame are required to guarantee Macro coverage as shown in figure 1 (in very large coverage case, 3 UL per half frame would be required). On the other hand, the RRH cells on CC2 should be configured with DL heavy UL-DL configuration because UL traffic is usually much less than DL traffic in the hot spots. In this deployment scenario, imposing UL-DL configuration on CC2 same as that on CC1 may result in UL resource waste and consequently DL throughput loss on RRH cells. Hence, different UL-DL configurations on aggregated inter-band cells could be useful to support more flexible UL-DL traffic asymmetries in TDD CA based Het-net deployments. 
· Coexistence deployments: to allow co-existence with a neighbouring TDD network, the cell on the operating band adjacent to the operating band of neighbouring TDD network should have a specific TDD UL-DL subframe configuration to avoid the interference, while other cells on the non-adjacent bands may need to have different TDD UL-DL subframe configurations to satisfy the overall UL-DL traffic asymmetry requirement or other purposes. So enabling inter-band CA in this case implies the capability of aggregating cells with different TDD UL-DL configurations on different bands.
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Figure 1 Use case of TDD inter-band CA with different UL-DL configuration on different CCs
In [3], motivation from the operation of eMBMS was mentioned. Obviously, sufficient motivations for inter-band aggregation of cells with different TDD UL-DL configurations exist. It can be expected that more flexible resource utilization and more efficient load balancing can be provided by using different UL-DL configurations on aggregated cells with inter-band CA. Considering the above, we propose:
Proposal 1: Support of inter-band CA for TDD should include the capability of aggregating inter-band cells configured with different UL-DL configurations.  
2.2 Possible issues
This section presents some very preliminary issues for inter-band CA operation with different TDD UL-DL configurations on aggregated cells. As we known, TDD scheduling and corresponding HARQ timing relationship is UL-DL configuration dependent. In R10, CA mechanism design does not need to consider that as the UL-DL configuration is aligned when CA is deployed. However, if inter-band cells with different UL-DL configurations are aggregated, issues regarding scheduling and HARQ timing need to be studied in the first instance. 
Before going to the discussion on scheduling and HARQ, one highly relevant question that comes to our mind is whether to support simultaneous transmission and reception in this kind of CA operation, to make a decision on which, RAN4 input is required to help RAN1 evaluate whether the gain can outweigh the cost considering the real use cases [2]. In RAN1#66, an LS to RAN4 has been agreed to ask about the UE implications for supporting simultaneous Tx and Rx. Hereinafter, we discuss the issues regarding scheduling and corresponding HARQ timing and compare the specification complexity with/without simultaneous Tx and Rx
Issues on scheduling and corresponding HARQ timing
When cells with different UL-DL configuration are aggregated, impact on scheduling signalling and HARQ timing can be expected. Below we also take the use case scenario illustrated in Figure 1 as example to see the potential issues. 
Figure 3 shows the current UL HARQ timing for two cells configured with TDD UL-DL configuration #1 and #2 respectively, when the two cells are aggregated, the following can be observed: 
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Figure 3 UL HARQ timing
· In case of self-scheduling (No-cross CC scheduling)
· UE supports simultaneous transmission and reception: there is no need to modify each cell’s UL HARQ timing and all the UL HARQ processes on both Cells can be scheduled. 
· UE does not support simultaneous transmission and receptions: determination rule for the communication direction is needed, and CA capable UE can only use resource on cell(s) where there is same communication direction as determined, other cell(s) with reverse communication direction should be “muted” by eNB scheduling. Based on current HARQ timing design and each CC’s HARQ timing still follows the HARQ timing corresponding to its configured UL-DL configuration, we can find that blocking DL subframes would impact UL scheduling too much as those DL subframes usually carry UL grants. As shown in figure 3, if we block the DL subframes on RRH cell, no PUSCH can be scheduled on RRH cell unless RRH cell’s UL grant timing is modified, e.g. change RRH cell HARQ timing to follow Macro cell’s. Typically, when aggregating Macro cell and RRH cell, Macro cell’s UL subframe seems more suitable to be blocked, as shown in figure 3, UL traffic does not be affected too much as total 4 HARQ processes still can be used though UL HARQ processes in subframe #3 and #8 on Macro cell shall not be scheduled, while the DL throughput can be maximized. 
· In case of cross-scheduling: 

· To schedule PUSCH on CC2 via PDCCH on CC1 (Pcell), we can find that the UL HARQ timing corresponding to CC2’s UL-DL configuration cannot be used because subframe#3 & #8 on CC1 are  UL subframes. Instead, PUSCH HARQ timing on CC2 should follow the UL HARQ timing corresponding to CC1’s UL-DL configuration as shown by red line in figure 2. 
· To schedule PUSCH on CC1 via PDCCH on CC2 (Pcell), we can find that either the UL HARQ timing corresponding to CC1’s UL-DL configuration or UL HARQ timing corresponding to CC2’s UL-DL configuration can be used. If UE follows the UL HARQ timing corresponding to CC2’s UL-DL configuration, the number of HARQ processes available on CC1 becomes to 2 regardless of whether simultaneous transmission and reception is supported.  If UE follows the UL HARQ timing corresponding to CC1’s UL-DL configuration, there are also only two UL HARQ processes available on CC1 even if simultaneous transmission and reception is supported, unless new PHICH resources in subframe# 4 and #9 on CC2 are created. 
Figure 4 shows the current DL HARQ timing for two cells configured with TDD UL-DL configuration #1 and #2 respectively, when the two cells are aggregated, the following can be observed: 
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Figure 4 DL HARQ timing
· In case of self-scheduling (No-cross CC scheduling)

· UE supports simultaneous transmission and reception:  each CC’s HARQ timing can still follow the HARQ timing corresponding to its configured UL-DL configuration. If CC1 is Pcell, all DL processes on both cells can be scheduled without any need of HARQ timing modification. If CC2 is Pcell, processes in subframe #4 and #9 on CC1 cannot be scheduled because corresponding Ack/Nack cannot be transmitted on CC2 as shown in Figure 4. To use those resources, PUCCH transmission extended to Scell or HARQ timing modification could be considered. 

· UE does not support simultaneous transmission and receptions: as explained above, UL transmission in those inconsistent subframes is suitable to be blocked. Given that, no matter which cell is the Pcell, processes in subframe #4 and #9 on CC1 cannot be scheduled because corresponding ACK/NACK cannot be fed back, unless corresponding HARQ timing is modified. On the other hand, if DL transmission in those inconsistent subframe is blocked, we can find processes in subframe# 3 and #8 on CC2 cannot be scheduled in case of Pcell is CC1, but processes in subframe#3 and #8 on CC2 and processes in subframe#4 and #9 on CC1can not be scheduled in case of Pcell is CC2.
· In case of cross-CC scheduling, each cell’s PDSCH HARQ timing can follow its own HARQ timing corresponding to respective UL/DL configuration, but it is also viable to apply either DL HARQ timing corresponding to Pcell’s UL-DL configuration or DL HARQ timing corresponding to the UL heaviest UL-DL configuration among aggregated cells for cross-CC scheduled cell, to make UL and DL HARQ timing reference consistent. No matter which way is used, some DL processes cannot be scheduled due to absence of PUCCH resources or PDCCH subframes. To maximize resource utilization, cross-subframe PDSCH scheduling can be considered similar as UL multiple TTI scheduling when a CC is scheduled by a CC with less DL subframes, e.g. CC1 is Pcell and can schedule the PDSCH on CC2, considering subframe#3 and #8 are UL subframe on CC1, process in subframe #3 and process in subframe #8 on CC2 are scheduled by PDCCH in subframe #1 and #6 on CC1 via an extra DL index, similar to UL multiple TTI scheduling via UL index. In addition, to make UL and DL HARQ timing reference consistent in case of cross scheduling, it is also viable to apply either DL HARQ timing corresponding to Pcell’s UL-DL configuration or DL HARQ timing corresponding to the UL heaviest UL-DL configuration among aggregated cells for cross-CC scheduled cell.
And the below table summarizes comparison of specification complexity and pros/cons for the above cases:
	
	No simultaneous Tx and Rx
	Simultaneous Tx and Rx

	
	Self-scheduling
	Cross-CC Scheduling
	Self-scheduling
	Cross-CC scheduling

	Pros
	1. Same HARQ timing as R10;

2. Simple design by reusing R10 CA design
	1. Well support of CA-based het-net;
2. Simple design by reusing R10 CA design
	1. Flexible resource usage;

2. HARQ timing could be same as R10;
	1. Flexible resource  usage;
2. Well support of CA-based het-net;

	Possible Standard efforts
	Determination rule for the communication direction;
	For DL HARQ: PUCCH transmission beyond Pcell would be needed  if Pcell is DL heavy;
	1. Reference cell for HARQ timing needs to be defined;
2. For UL HARQ: New PHICH resource would be required;
3. For DL HARQ: Cross-subframe scheduling would be required. 

	
	
	Reference cell for HARQ timing needs to be defined;
	
	

	Cons
	Scheduling restriction is imposed, which results in:

a) For eNB: inflexible resource scheduling;

b) For UE: reduced peak data rate;
	Possible implementation cost increase;


	1. Possible implementation cost increase;

2. Significant specification complexity;
3. Backward compatibility may not be ensured.


According to the above analysis based on the use case shown in Figure 1, we have the following proposals:
It can be observed that resources in those inconsistent subframes cannot be fully utilized by CA UE even if simultaneous Tx and Rx is supported based on current CA design. To achieve that, additional specification works other than HARQ timing are required, which may take long discussion. However, those specification works may not affect the solution for aggregating cells with different UL-DL configuration without simultaneous Tx and Rx. Furthermore, support of half-duplex operation may be necessary in certain aggregation cases with small inter-band frequency gaps [4]. 
Proposal 2: RAN1 strives for common HARQ timing solution for aggregation of cells with different UL-DL configurations with and without simultaneous Tx and Rx. Other specific issues for simultaneous Tx and Rx can be FFS.
Proposal 3: Whether to enable simultaneous Tx and Rx should be configured by eNB if supported by UE, and the default mode is without simultaneous Tx and Rx. 

As analyzed  above that in those inconsistent subframes, muting UL transmission to maximize DL throughput seems more suitable if simultaneous transmission and reception is not supported, which can be easily done by eNB implementation,
Proposal 4: For UE not supporting simultaneous Tx and Rx, determination rule for the communication direction in those inconsistent subframe can be either indicated implicitly by eNB scheduling in a dynamical manner or fixed to DL transmission. We prefer the latter.

It is expected that no new HARQ timing is introduced and reuse R10 design as much as possible,
Proposal 5: PUCCH is transmitted on only one CC and PHICH is transmitted on the cell carrying the UL grant as in R10.
Proposal 6: if cross-CC scheduling is not configured, each cell’s PUSCH/PDSCH HARQ timing still follow current UL/DL HARQ timing corresponding to its configured UL-DL configuration.

It is expected that efficient support of CA-based het-net should be provided by this kind of CA operation, 
Proposal 7: Cross-carrier scheduling between aggregated cells with different UL-DL should be considered and further study the trade-off between specification complexity and flexibility of resource utilization.
Proposal 8: In case of cross-CC scheduling, UL and DL HARQ timing reference for cross-CC scheduled cell can be consistent, which can be either HARQ timing corresponding to Pcell’s UL-DL configuration or HARQ timing corresponding to the UL heaviest UL-DL configuration among aggregated cells. FFS whether to support cross-subframe PDSCH scheduling when a CC is scheduled by a CC with less DL subframes. 

Restriction on combination of UL-DL configurations
To support inter-band CA with full flexible UL-DL configuration, it could bring quite lots of work load in each working group. In particular, scheduling timing and HARQ timing would be very messy considering cross-CC scheduling and more than 2 cells with different UL-DL configurations could be aggregated.  To limit the specification effort, restriction on combinations of UL-DL configurations is desirable. 
Proposal 9: try to restrict the combinations of UL-DL configurations for inter-band CA.
3 Conclusion
In this contribution, we discuss inter-band CA operation with different UL-DL configuration on aggregated cells. Issues regarding scheduling and HARQ timing are analyzed based on typical use case of this kind of CA. In particular, we propose the following:
Proposal 1: Support of inter-band CA for TDD should include the capability of aggregating inter-band cells configured with different UL-DL configurations.  

Proposal 2: RAN1 strives for common HARQ timing solution for aggregation of cells with different UL-DL configurations with and without simultaneous Tx and Rx. Other specific issues for simultaneous Tx and Rx can be FFS.

Proposal 3: Whether to enable simultaneous Tx and Rx should be configured by eNB if supported by UE, and the default mode is without simultaneous Tx and Rx. 

Proposal 4: For UE not supporting simultaneous Tx and Rx, determination rule for the communication direction in those inconsistent subframe can be either indicated implicitly by eNB scheduling in a dynamical manner or fixed to DL transmission. We prefer the latter.
Proposal 5: PUCCH is transmitted on only one CC and PHICH is transmitted on the cell carrying the UL grant as in R10.
Proposal 6: If cross-CC scheduling is not configured, each cell’s PUSCH/PDSCH HARQ timing still follow current UL/DL HARQ timing corresponding to its configured UL-DL configuration.
Proposal 7: Cross-carrier scheduling between aggregated cells with different UL-DL should be considered and further study the trade-off between specification complexity and flexibility of resource utilization.
Proposal 8: In case of cross-CC scheduling, UL and DL HARQ timing reference for cross-CC scheduled cell can be either HARQ timing corresponding to Pcell’s UL-DL configuration or HARQ timing corresponding to the UL heaviest UL-DL configuration among aggregated cells. FFS whether to support cross-subframe PDSCH scheduling when a CC is scheduled by a CC with less DL subframes.
Proposal 9: try to restrict the combinations of UL-DL configurations for inter-band CA.
References

[1] RP-110451, “LTE Carrier Aggregation Enhancements WID”, Nokia Corporation, Nokia Siemens Networks
[2] R1-112247, “On support of inter-band CA with different TDD UL-DL configurations”, ZTE
[3] R1-112540, “support of Different TDD UL-DL Configurations on Different Bands”, Qualcomm Incorporated

[4] R1-112080, “Hardware impact of supporting interband TDD CA with different UL-DL configurations”, Ericsson, ST-Ericsson

































3
7

