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1 Introduction
In Rel-11 CA enhancements WID [1], one of the agreed possible CA enhancements is “support of inter-band carrier aggregation for TDD DL and UL including different uplink-downlink configurations on different bands.” In this paper, we share our views on potential transceiving issues and the related impact on HARQ feedback and cross-carrier scheduling. 
2 Discussion

LTE provides 7 TDD UL-DL configurations with different kinds of DL and UL ratios in order to accommodate different traffic types and utilize the radio resource efficiently, as shown in Table 1. 
Table 1 TDD uplink-downlink configurations

	Uplink-downlink 
Configuration
	Downlink-to-Uplink 
Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


In Rel-10, the system throughput can be significantly enhanced with the help of carrier aggregation. However, only intra-band TDD carrier aggregation was supported with a constraint that all the aggregated component carriers (CCs) have to operate with the same TDD UL-DL configuration. The reason for such constraint is because different TDD UL-DL configuration may lead to simultaneous DL reception and UL transmission in the same TTI. The lack of adequate frequency separation and proper duplexer design may result in self-jamming, in which the UL transmission signal of one CC may directly interfere the DL reception signal of another CC.
In Rel-11, inter-band TDD CA will be supported. The constraint on same TDD UL-DL configuration might be relaxed in order to provide more flexible resource utilization and enjoy the benefit of efficient UL transmissions. Another motivation is to allow the co-existence with the legacy TDD system (i.e., TD-SCDMA system) such that proper UL-DL configuration of a CC could be chosen to match the legacy TDD system and minimize the UL-DL interference between TDD systems. This capability is extremely critical to network evolution. The following subsections will discuss the transceiving principles for the new UE as well as the impact on HARQ procedure and cross-carrier scheduling when employing different TDD UL-DL configurations for different CCs. 
2.1 Simultaneous vs. non-simultaneous transceiving
As mentioned earlier, component carriers operating with different TDD UL-DL configurations will cause overlapped subframes (i.e., UL and DL subframe coexist in the same TTI) as shown in Figure 1. Without proper consideration, the UL and DL subframe could interfere with one another and jeopardize the system performance. 
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Figure 1: Overlapped subframe caused by different TDD UL-DL configurations
There are three general approaches to avoid such interference. 
1. Operate non-simultaneous transceiving on both eNB and UE side
2. Operate simultaneous transceiving on both eNB and UE side

3. Operate simultaneous transceiving on eNB side and non-simultaneous transceiving on UE side

Solution 1 is an obvious solution; however it has to sacrifice fair amount of radio resources; making it very inefficient in terms of radio resource management. Generally, the efficiency will depend on aggregated CC configurations; the more DL and UL overlapped subframe, the less efficient. For instance, when Pcell is operating with configuration 0 and Scell is operating with configuration 2, overlapped subframes occur in subframe#3, 4, 8 and 9 as shown in Figure 2. According to Solution 1, these DL subframes should be neglected (i.e., eNB muting those DL subframes on Scell). As we can see from this example, a single frame in Scell consists of six DL, two UL and two special subframes in total. Abandoning four subframes would waste 40% of Scell resources (or in another word, 67% of the DL resources). 
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Figure 2: Muting on Scell to avoid simultaneous transmission and reception
Another problem with blocking or muting the DL and UL overlapped subframes is that the CSI/RRM measurement on Scell will be interrupted and subsequently, the number of subframes used for CSI/RRM measurement would be reduced. 
Solution 2 is much more efficient in terms of radio resource utilization. However, a major issue on UL/DL interference is not acceptable during the overlapped subframes. To avoid self-jamming for a UE performing simultaneous transmission and reception, proper band separation of aggregative carriers with different TDD UL-DL configuration should be evaluated. More specifically, the bands supporting different TDD UL-DL configuration might need to be specified. Besides, the requirement on duplexer for a UE supporting different TDD UL-DL configuration aggregation should also be investigated to mitigate self-jamming problem. Most importantly, UE operating simultaneous transceiving will require two sets of RF components; which would significantly increase the cost of UE. 
Solution 3 provides flexibility in terms of radio resource management. Although it is not as flexible as Solution 2, it has a great advantage that UEs do not have to be equipped with additional RF component. With the capability of supporting simultaneous transceiving on the eNB side, the network can dynamically allocate radio resources according to each individual UE’s service demand. Consider the previous example as shown in Figure 2, the network can configure UE(s) with higher UL service demand to transmit on primary cell and mute secondary cell in subframe# 3, 4, 8 and 9. At the same time, the network can also configure UE(s) with higher DL service demand to receive data on secondary cell and mute primary cell. This way, resources will be allocated to where they are needed. 
Proposal 1: Due to spectrum inefficiency, the option to operate non-simultaneous transceiving on both eNB and UE side should be withdrawn from RAN1’s consideration. 

Proposal 2: Option #2 and #3 require further evaluation for possible way forward from the perspective of UE performance and cost.
2.2 HARQ-ACK procedure impact 
In order to accommodate different kinds of DL/UL ratios, the TDD HARQ-ACK procedure predefines seven different downlink association set that optimize the ACK/NACK feedback scheduling for each TDD UL-DL configuration. In Rel-10 CA, the Scell could transmit HARQ-ACK through PUSCH if it is available; otherwise, it would have to rely on Pcell’s PUCCH (Note that PUCCH is restricted to be transmitted only on Pcell in Rel-10). If different TDD UL-DL configurations are supported on CCs in different frequency bands, there may be conflicts when HARQ-ACK feedback is expected from Scell while Pcell does not have the corresponding PUCCH resource. Note that this conflict will exist with either simultaneous or non-simultaneous transceiving. 
For example, as illustrated in Figure 3, the HARQ-ACK for PDSCH transmission in subframe#0 on Scell should be in subframe#4. The problem occurs when Scell does not have PUSCH grant and at the same time, Pcell is allocated as a downlink subframe or uplink subframe that does not have PUCCH resource. Solutions for this scheduling conflict should be investigated before different TDD UL-DL configurations can be supported for Rel-11. 
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Figure 3: HARQ procedure conflict on Scell with different TDD UL-DL configuration
In general, the solution should take into consideration of back-ward compatibility to ensure that Rel-11 UEs can coexist with UEs from the previous releases within a cell. Possible solutions are listed below: 
A. Limit the aggregated CC combinations such that the set of UL subframe indices on Scell(s) possibly for HARQ-ACK transmission is always the subset of UL subframe indices containing PUCCH resource on Pcell
B.  Introduce PUCCH or guarantee PUSCH grant on Scell(s) in subframes where Scell(s) might require the transmission of HARQ-ACK feedback and Pcell does not have the PUCCH resource to ensure the ability for HARQ-ACK feedback
C.  Dynamically schedule Scell(s) HARQ-ACK feedback according to Pcell’s PUCCH resource allocation for scenarios when PUSCH is not available on Scell(s)
Option A is the simplest method out of all; it does not require any modification on the current specification. The limitation on Pcell-Scell configuration combinations could be completely done by eNB. Figure 4 lists out all the qualified combination which also reveals the downside of this option; that is, it will eliminate up to 60% of all possible Pcell-Scell combinations. 
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Figure 4: Qualified Pcell-Scell configuration combinations according to Option A
On the other hand, Option B and C give more flexibility to the Pcell-Scell configuration combination. Option B requires Scell to spare more resources for PUSCH/PUCCH though they may not be utilized efficiently. It also requires fair amount of specification impact to introduce PUCCH on Scell. Option C is more complicated in a way that it would have to take all possible configuration combinations into consideration and provide exact feedback scheduling guideline for each combination. As shown in Figure 5, Scell can dynamically map its DL subframes to Pcell’s PUCCH resources for HARQ-ACK feedback with certain constrain (i.e., the DL-to-UL HARQ-ACK mapping has to be at least 4 subframes apart). Note that this Pcell-Scell mapping only applies when Scell does not have the corresponding PUSCH resources for HARQ-ACK; otherwise, the HARQ-ACK can be transmitted on Scell itself. 
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Figure 5: Dynamical mapping of Scell DL to their corresponding Pcell UL resources for HARQ-ACK feedback
Proposal 3: Three solutions to resolve the HARQ feedback procedure conflict due to overlapped subframes are listed. RAN1 is suggested to discuss and decide the possible way forward. 
A. Limit the aggregated CC combinations such that the set of UL subframe indices on Scell(s) possibly for HARQ-ACK transmission is always the subset of UL subframe indices containing PUCCH resource on Pcell

B.  Introduce PUCCH or guarantee PUSCH grant on Scell(s) in subframes where Scell(s) might require the transmission of HARQ-ACK feedback and Pcell does not have the PUCCH resource to ensure the ability for HARQ-ACK feedback

C. Dynamically schedule Scell(s) HARQ-ACK feedback according to Pcell’s PUCCH resource allocation for scenarios when PUSCH is not available on Scell(s)
2.3 Cross-Carrier Scheduling 

In [2], the potential problem of cross-carrier scheduling on different TDD UL-DL configurations has been mentioned under an assumption that simultaneous DL and UL transmissions are supported. It is important to note that in a non-simultaneous transceiving network (i.e., Option #1 and #3 in Section 2.1), there will be no cross-carrier scheduling conflict. Assume a PDCCH CC is cross-carrier scheduling another CC, which is named as a cross-carrier scheduled CC. When the PDCCH CC is in its UL and the cross-carrier scheduled CC is in its DL, the cross-carrier scheduled CC can never be scheduled in these DL-UL overlapped subframes. The efficiency of cross-carrier scheduling in this scenario is degraded. 
A cross-carrier scheduled CC should search its DCI in the UE specific search space in the configured PDCCH CC. With the support of carrier aggregation with different TDD UL-DL configurations, the PDCCH CC may have different TDD configuration from its cross-carrier scheduling CC. In some cases, when the PDCCH CC is in its UL and the cross-carrier scheduled CC is in its DL, the cross-carrier scheduled CC can never be scheduled in the DL-UL overlapped subframes. Take the configuration in Table 1 as an example, where PDCCH CC is in TDD config 1 and its cross-carrier scheduled CC is in TDD config 2. As can be seen, in subframe #3 and #8, PDCCH CC is in its UL and the cross-carrier scheduled CC is in its DL. The cross-carrier scheduled CC can never be scheduled in these two subframes because its DCI cannot be transmitted in these TTI. The efficiency of radio resource utilization is hence limited in this case. 
Table 1: CA with TDD UL-DL configuration 1 and 2

	
	TDD UL-DL config
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	PDCCH CC
	1
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	Cross-carrier scheduled CC
	2
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D


To solve the problem mentioned above, several options with different level of standard impact are suggested for consideration. 
Option 1: resolve by eNB scheduling

The TDD configuration on each carrier and the cross-carrier scheduling are configured by eNB. eNB can simply arrange the DCI for the cross-carrier scheduled CC in its schedulable subframes. This option has less standard impact. For example, in Table 1, the downlink transmissions for cross-carrier scheduled CC can be gathered on subframe #0, #1, #4, #5, #6 and #9. However, in an extreme case, where PDCCH CC in TDD config 0 cross-carrier schedule a CC with TDD config 5, shown in Table 2, the DL transmission of the cross-carrier scheduled CC can only be scheduled in subframe #0, #1, #5, and #6. About 50% of the radio resource is blocked in this cross-carrier scheduled CC. Less scheduling efficiency for the cross-carrier scheduled CC is foreseen. 

Table 2: CA with TDD UL-DL configuration 0 and 5

	
	TDD UL-DL config
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	PDCCH CC
	0
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	Cross-carrier scheduled CC
	5
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D


Pros: Less standard impact is foreseen.

Cons: Scheduling efficiency might be the issue. 

Option 2: disable cross-carrier scheduling across carriers with different TDD UL-DL configurations

Another possible solution is to disable/disallow cross-carrier scheduling across carriers with different TDD UL-DL configurations. Since cross-carrier scheduling is configured by eNB, option 2 can be simply controlled by eNB. Less standard impact is foreseen. However, with the constraint of option 2, cross-carrier scheduling might be restricted to be applied in HetNet scenarios, especially when the number of aggregated CC is equal to 2, where cross-carrier scheduling is needed for interference reduction on control channel information. 

Pros: Less standard impact is foreseen.

Cons: Cross-carrier scheduling is disabled across carriers with different TDD configurations. It is with less flexibility for HetNet application.

Option 3: enable DCI scheduling across TTI

Currently the DCI for a cross-carrier scheduled CC can only come from its PDCCH CC in the same TTI. Thus, the cross-carrier scheduled CC can never be scheduled in certain TTIs where it is in the DL while its PDCCH CC is in the UL. Another way to provide the application on cross-carrier scheduling on CA with different TDD configurations is to enable DCI scheduling across TTI, i.e., inter-subframe scheduling. Take the TDD configurations in Table 1 as an example. The DCI for cross-carrier scheduled CC in subframe #3 might come from the UE specific search space in subframe #0 in the PDCCH CC. This option provides the most flexibility on the radio resource utilization. However, possible influence including DCI scheduling mechanism, DCI contents modification, PDCCH blocking rate, etc. is foreseen. More standard impact is expected. 

Pros: The most flexible radio resource utilization scheme is supported.

Cons: More standard impact is expected.

The potential cross-carrier scheduling problem in different TDD configurations has been raised. Several possible solutions with different levels of standard impact have been proposed and discussed. It is suggested to consider the scenario described above and suggest a possible way forward. 

Proposal 4: It is suggested to consider the problem of cross-carrier scheduling in CA with different TDD configurations if simultaneous DL and UL transmissions are supported, and provide a possible way forward. 

3 Conclusions
This paper discussed our views on potential issues from carrier aggregation with CCs using different TDD UL-DL configurations. The following observations and proposals are proposed for RAN1’s consideration. 
Proposal 1: Due to spectrum inefficiency, the option to operate non-simultaneous transceiving on both eNB and UE side should be withdrawn from RAN1’s consideration. 

Proposal 2: Option #2 and #3 require further evaluation for possible way forward from the perspective of UE performance and cost.
Proposal 3: Three solutions to resolve the HARQ feedback procedure conflict due to overlapped subframes are listed. RAN1 is suggested to discuss and decide the possible way forward. 

A. Limit the aggregated CC combinations such that the set of UL subframe indices on Scell(s) possibly for HARQ-ACK transmission is always the subset of UL subframe indices containing PUCCH resource on Pcell

B.  Introduce PUCCH or guarantee PUSCH grant on Scell(s) in subframes where Scell(s) might require the transmission of HARQ-ACK feedback and Pcell does not have the PUCCH resource to ensure the ability for HARQ-ACK feedback

C. Dynamically schedule Scell(s) HARQ-ACK feedback according to Pcell’s PUCCH resource allocation for scenarios when PUSCH is not available on Scell(s)
Proposal 4: It is suggested to consider the problem of cross-carrier scheduling in CA with different TDD configurations if simultaneous DL and UL transmissions are supported, and provide a possible way forward. 
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