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1
Introduction
In the latest WID for LTE carrier aggregation enhancement [1], one of the enhancements to be investigated is “Support of inter-band carrier aggregation for TDD DL and UL including different uplink-downlink configurations on different bands”. In this paper, we will provide our general views on this feature. (NOTE: similar paper is also submitted to RAN1 in [2].)
The targeted scenario is that more than one carrier is deployed by a single TDD operator, and the carriers are aggregated at a single base station, as shown in Figure 1. This means CA between two or more base stations on different sites is not considered in this paper. Besides, the separation between the two frequencies should be large enough to avoid UL-DL interference from the same device, and the exact requirement could be studied in RAN4.  
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Figure 1: Considered scenario, carrier aggregation at single base station
2
Working assumption
One of the advantages of TDD system is the flexible resource utilization through different TDD configurations. By configuring different TDD configurations, the ratio between available UL and DL resources can range from 3UL:2DL to 1UL:9DL. 
It could enable more free and efficient network deployment for a TDD operator which holds multiple carriers on different bands, if various TDD configurations can be employed on different bands. For example, the operator might use UL-heavy configuration on lower-frequency band to improve UL coverage, while a DL-heavy configuration could be used on higher-frequency band to boost DL capacity for a hotspot or indoor area. We note that this kind of operation is basically inherently supported with the current RAN1 specifications, when carrier aggregation is not considered.
Observation: It is possible for a TDD operator to employ different TDD configurations on different bands, and this may have no relevance to CA.
Rel-11 TDD UE is supposed to be able to support inter-band CA. Given that fact, we think it is unreasonable that inter-band CA cannot be configured to such UE only because different TDD configurations are used on different carriers in different bands. On the other hand, aggregating carriers with different TDD configurations could also be beneficial for such UE, e.g., to achieve high peak data rate, and potentially to adapt to UL/DL traffic load.
In Rel-10 TDD CA, TDD configurations of SCells are not signalled to a UE, and the UE is always assuming all configured cells have the same TDD configuration (as that of PCell). In Rel-11, with inter-band CA and different TDD configurations on different bands, to ensure correct functioning (e.g. DL measurement) the UE needs first to be able to recognize different TDD configurations on different bands. Based on this assumption, RAN1/2 should then discuss the potential specification impacts to support TDD inter-band CA with different TDD configurations on different bands.

Different frequency bands are typically covered by different RF chains in the same device, so there is no big issue for eNB and UE to have independent RF operations on different bands. The problem with different TDD configurations on different bands is, however, that simultaneous transmission and reception on different bands need to be supported in some subframes. This may not be a problem for eNB; however, for UE the additional cost and complexity may not be negligible. For example, in some cases where the frequency separation is not large enough, a duplexer may need to be inserted between the RF chains in the UE. 
RAN1/2 specification impacts to support TDD inter-band CA with different TDD configurations on different bands could be different depending on whether or not TDD UE is capable of simultaneous transmission and reception on different bands. As there is no clear conclusion yet at this stage on the TDD UE capability of simultaneous transmission and reception on different bands, we will discuss the specification impacts for both cases in the next section.

As a summary, we have the following proposals:
Proposal 1: If inter-band CA is to be supported for TDD UL and DL, inter-band CA with different TDD configurations on different bands should be supported. RAN1/2 specification impacts might be different depending on TDD UE capability of simultaneous transmission and reception on different bands.
Proposal 2: TDD configurations on SCells should be signalled to the TDD UE with inter-band CA.

3
Specification impacts
3.1
General timing problem

In Rel-10 CA framework, A/N feedback is a coupling function among configured cells, due to the principle that PUCCH is only transmitted via PCell of the CA UE. There could be the timing issues if different TDD configurations are configured on different carriers because the timing for A/N feedback is hard-coded for each TDD configuration.

The problem can be exemplified by Figure 2. The A/N for a PDSCH transmission in SF#4 on Cell#1 should be in SF#3 according to normal timing of TDD configuration 1, and on Cell#0 according to Rel-10 principle that PUCCH is transmitted on the PCell of the UE. However, there is no UL resource in SF#3 on Cell#0, so some solutions need to be introduced to guarantee correct HARQ operation for such cases.
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Figure 2: Timing problem with independent TDD operation on two configured cells

The similar timing issues can be identified for UL scheduling, and there could be even a new problem with DL scheduling (UL on PCell and DL on SCell) if cross-carrier scheduling is configured. 
3.2
UE cannot support simultaneous transmission and reception on different bands
If UE cannot transmit and receive simultaneously on different bands, in the conflicting subframes, only the resources in one direction (UL or DL) can be utilized, and the other direction should be blocked. In the simplest form, on direction communication for the conflicting subframes can be achieved by having a set of scheduler restrictions with little or no specification impact. 
To follow Rel-10 principle and keep minimal specification change, a simple option is to follow the UL/DL direction on PCell, as shown in Figure 3. One advantage of this straightforward approach is that timing of HARQ/cross-carrier scheduling on SCell can be simply configured to follow that of PCell, and all remaining HARQ/cross-carrier scheduling operations can be within Rel-10 CA framework. It should be noted that the resources on SCells are only blocked from the UE configured with inter-band CA and different TDD configurations on different bands, but can still be used by other normal UEs on Cell#1. 
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Figure 3: Resources in conflicting subframes are blocked on SCells 
To enable more efficient resource utilization, instead of always following PCell timing, it is also possible to have flexible usage of UL or DL in the conflicting subframes. This can be achieved by a simple rule and proper eNB/UE implementation. Apart from SR transmission, whether there is UL transmission (PUCCH/PUSCH/SRS) is known to the eNB. If there is UL transmission with PUCCH/SRS configured or PUSCH scheduled in a conflicting subframe, UE performs UL transmission in the subframe, and will stop measurement and PDCCH monitoring on DL resources; meanwhile, eNB should also avoid any PDCCH/PDSCH transmission targeted for the CA UE. On the other hand, if there is no UL transmission configured/scheduled in a conflicting subframe, UE will perform reception on DL resources in the subframe, including PDCCH monitoring and measurement. 
3.3
UE supports simultaneous transmission and reception on different bands
If the UE can transmit and receive in the same subframe on different bands, similarly to eNB, it can have fully independent TDD operation on each cell, and all resources on each cell can be utilized by the UE configured with inter-band CA and different TDD configurations on different bands.
One alternative to solve the timing issue with HARQ A/N is to define new timing rules for some combinations of TDD configurations; while it is also possible to solve the problem with the UE still following the hard coded timing according to the TDD configuration on each cell, since no UL resources in the conflicting subframe will be blocked from the CA UE. For example in the case shown in Figure 2, the HARQ A/N for SF#4 on Cell#1 could be carried by PUSCH scheduled in SF#3 on Cell#1 (eNB implementation should guarantee PUSCH scheduling); or by PUCCH if it is allowed to be configured on an SCell.
Proposal 3: The details on HARQ and Cross scheduling timing should be discussed in RAN1.
3.4
Way forward

The impacts on TDD UE RF, standard and resource utilization are analyzed in Table 1 for both cases where UE can support simultaneous transmission and reception and where UE cannot. In particular, for RAN1/2 to further proceed the specification efforts to support TDD inter-band CA with different TDD configurations on different bands, RAN1/2/4 should first decide on the TDD UE capability of simultaneous transmission and reception on different bands, e.g., whether it is mandatorily required, optionally required or even unnecessary.
Proposal 4: RAN1/2/4 should decide on the TDD UE capability of simultaneous transmission and reception on different bands.
Table 1: Impact of UE capability in supporting simultaneous Tx/Rx
	
	UE cannot support simultaneous Tx/Rx
	UE can support simultaneous Tx/Rx

	TDD UE RF
	No impact. 
	Cost and complexity could be increased.

	Standard 
	Behaviour to be defined for the conflicting subframes.
Timing issue with HARQ A/N.

Timing issue with potential cross-carrier scheduling.
	Timing issue with HARQ A/N.
Timing issue with potential cross-carrier scheduling.

	Resource utilization
	In conflicting subframes, resources in only one direction can be used by the CA UE.
	All resources are usable for CA UE.


4
Conclusion
In this paper we provided our initial view on supporting inter-band CA and different TDD configurations on different bands, with the following observations/proposals.
Observation: It is possible for a TDD operator to employ different TDD configurations on different bands, and this may have no relevance to CA.

Proposal 1: If inter-band CA is to be supported for TDD UL and DL, inter-band CA with different TDD configurations on different bands should be supported. RAN1/2 specification impacts might be different depending on TDD UE capability of simultaneous transmission and reception on different bands.

Proposal 2: TDD configurations on SCells should be signalled to the TDD UE with inter-band CA.

Proposal 3: The details on HARQ and Cross scheduling timing should be discussed in RAN1.
Proposal 4: RAN1/2/4 should decide on the TDD UE capability of simultaneous transmission and reception on different bands.
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