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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 way forwards. In this paper, we analyse the issues associated with the HARQ procedure in half duplex mode. A similar analysis of HARQ procedure for full duplex mode is presented in [2].
2
Discussions
HARQ procedure and timing issues are key problems that need to be solved for both half duplex mode and full duplex mode for inter-band CA with different TDD configuration. Some analysis and solutions were proposed in the last RAN1 meeting [3] 
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[4] for half duplex mode. 
One additional issue for half duplex mode compared to full duplex mode is how to define the transmission direction for overlapped subframes when simultaneously transmission and reception is not allowed. In the example in the following figure, the DL or UL direction needs to be determined for the overlapped subframe #3 and subframe #8.
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Figure 1 Overlapped subframes in inter-band CA with different TDD configuration
Three approaches for direction determination of overlapped subframe were been proposed in [3] 
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[4]:
· Dynamically determine the transmission direction for overlapped subframes
· Always follow the Pcell’s direction 

· Semi-statically configure the transmission direction for overlapped subframes by RRC layer signalling
In this section, the HARQ procedure and timing issues for each of these approaches are discussed for half duplex mode with both self-scheduling and cross-carrier scheduling.
Observation 1: transmission direction determination for overlapped subframe requires extra work effort for half duplex mode compared to full duplex mode.

2.1 


Dynamic Direction Determination
Here, the UL direction of is prioritized when there is scheduled UL data transmission or UL feedback transmission in the overlapped subframes. Otherwise, the DL direction is prioritized [4]
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[5]. This is the method that is already used for FDD half-duplex (HD) operation. However, this method is not easily reused for inter-band TDD CA with different configurations because of the irregular HARQ timing in TDD. Some additional issues observed are discussed in the following.
2.1.1 



Self Scheduling

One issue compared to FDD HD is the PHICH missing problem (Issue #1) that happens due to the different UL grant timing and DL feedback timing in TDD. This is shown in the figure 2. 
[image: image2.emf]D S U D D D D D S U

D S U U D D S U U D

Configuration #1

Configuration #2

Subframe index

UL grant

DL Feedback

0 1 2 3 4 5 6 7 8 9

D S U D D D D D S U

D S U U D D S U U D

0 1 2 3 4 5 6 7 8 9

UL grant

Same UL HARQ process


Figure 2 PHICH and UL grant missing problem in dynamic direction determination
If subframe #8 of Pcell has an UL data transmission, then the PHICH in subframe #8 associated with an UL transmission in subframe #2 in the Scell will be lost. In FDD HD, there is no such problem since both PHICH timing and the UL grant timing are 4ms, and if there is a scheduled UL transmission then there will be no PHICH transmission. But in TDD, the PHICH timing is in most cases different from the UL grant timing, e.g. the PHICH timing is usually 4ms before next UL retransmission. This problem widely exists for inter-band TDD CA with different TDD configuration.
Another new issue compared with FDD HD is that the UL grant in subframe #8 is also missed (Issue #2). If this UL grant happens to be the retransmission grant for UL HARQ-process in subframe #2, this means the retransmission cannot happened for this UL HARQ-process in subframe #2 since both PHICH and UL grant are missed. Additionally, if the UL grant is for a new UL transmission in subframe #2 in next frame, then the new UL transmission is also missed although subframe #2 is not an overlapped subframe.
These two problems happen in the cell that has DL in the overlapped subframe. One solution is that the PHICH timing and UL grant timing for such cells always follows the corresponding timing for the TDD configuration for the cell that is in UL in the overlapped subframe. For the example in figure 2, the PHICH timing and UL grant timing of configuration #2 will always follow the timing of configuration #1. However, this comes with the cost of different scheduling timing for UEs with CC specific TDD configurations compared to legacy UEs and increased eNB scheduler complexity. Moreover, such a solution could not be used for hybrid 5ms and 10ms combination, since both configurations will have DL subframes in overlapped subframes.
The PUCCH missing issue (Issue #3) can happen when the UL subframes of Scell are not a subset of Pcell UL subframes. Possible solutions include following Pcell’s timing; extend PUCCH to Scell; and design new PUCCH timing. Considering that new HARQ timing will introduce significant additional specification work, such a change should be avoided as much as possible. More details discussion and analysis can be found in [2].
2.1.2 



Cross-carrier Scheduling

The PDCCH missing problem and PHICH missing problem can occur when DL subframes of the scheduled cell is not a subset of the DL subframes of the scheduling cell. Possible solutions include partially enabling cross-carrier scheduling; cross-subframe scheduling; and let UL grant timing always follow the scheduling cell’s timing. Again, since new HARQ timing will introduce additional specification work, this should be avoided. 
PHICH compatibility problem can also occur when the DL subframe in the scheduling cell contains the PHICH for the scheduled cell, but does not contain PHICH for legacy UEs. The possible solutions to this problem include that the PHICH is transmitted in the first DL subframe that allows the PHICH transmission; UL scheduling for all CCs follows the timeline of the scheduling CC when scheduling the CC is UL heavy; rely on PHICH-less operation; and reserving new resources for the PHICH transmission for the scheduled cell. Again, the large specification work resulting from new HARQ timing when making a solution.

More details discussion and analysis can be found in [2].

Observation 2: The PDCCH/PHICH missing problem for self-scheduling in dynamic direction determination creates extra complexity compared to full duplex mode.

2.2 


Follow Pcell’s Direction

In this method, the direction of overlapped subframes is determined by the Pcell direction in those subframes. 
2.2.1 



Self Scheduling

The PUCCH missing issue can happen when the UL subframes of the Scell are not a subset of the Pcell UL subframes. This is similar to the discussion in section 2.1.1.
Also, the UL grant and PHICH may be missing for Scell when DL subframe of Scell is not prioritized. This is shown in the following figure.
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Figure 3 UL grant missing problem
A possible solution is to follow the UL grant and PHICH timing of the Pcell, but this method will results in inconsistent scheduling time between new UEs and legacy UEs in the Scell. Besides, for some combinations, this method cannot be utilized very well. This problem is similar to the problem discussed in section 2.1.1.
2.2.2 



Cross-carrier Scheduling

The PDCCH missing problem and PHICH missing problem can happen when the DL subframes of the scheduled cell are not a subset of the DL subframe of the scheduling cell. The PHICH compatible problem can also occur when the DL subframe in scheduling cell contains PHICH of the scheduled cell, but do not contain the PHICH resources for any legacy UEs. The problem is the same when cross-carrier scheduling is enabled for dynamic direction determination and the analysis will be the same as found in section 2.1.2.
Observation 3: The PDCCH/PHICH missing problem for self-scheduling when following the Pcell’s direction creates extra complexity compared to full duplex mode.

2.3 


Semi-statically configured direction
In this method, the transmission direction of overlapped subframes is semi-statically configured by e.g. RRC signalling. In [3], it proposed that by semi-statically configuring the transmission direction of the overlapped subframe, a TDD configuration can be formed that is the same as one of the existing seven TDD configurations, but different from the TDD configuration in each cell. This is shown in the following figure:
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Figure 4 Form new TDD configuration by semi-static configuration
In the figure, by semi-statically configuring the overlapped subframes #3 and #4, TDD configuration 1 is formed. The cost of such method is that there will be strict limitations for the semi-static direction configuration and TDD configuration combination when an existing TDD configuration needs to be used.
The HARQ timing for both cells could follow the HARQ timing of TDD configuration 1, .but then the PUCCH missing problem cannot be avoided if the prioritized UL subframe is in the Scell. The PDCCH/PHICH missing problem and PHICH compatible problem cannot be avoided either when cross-carrier scheduling is enabled. 
Also, a new problem arises from PUCCH collisions between new UEs and legacy UEs in Pcell. This is shown in the following figure,
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Figure 5 PUCCH collision problem
The PUCCH for subframe #5 for the new UEs will be transmitted in subframe #2 where there will be a possibility of a collision with PUCCH of legacy UEs whose DL transmission took place in subframe #6 if both are mapped to the same PUCCH resource.
Observation 4: PUCCH collision problem for self-scheduling of semi-static direction determination adds extra complexity compared to full duplex mode.

2.4 


Summary

From the above discussion, we can see that for half duplex mode, PUCCH missing problem for self-scheduling, PDCCH/PHICH missing problem and PHICH compatible problem for cross-carrier scheduling exist for all three possible transmission direction determination methods. These problems also exist for full duplex mode. But compared with full duplex mode, there are extra issues for each transmission direction determination methods for half duplex mode. To solve these extra issues with half duplex requires extra studies as well as specification effort.
Observation 5: half duplex mode has more issues compared to full duplex mode.
Proposal: We propose that RAN1 further evaluates these listed issues associated with half duplex mode. The extra work load and specification effort from these need to be considered when comparing with full duplex mode for CC-specific TDD.
3
Conclusions
In this paper, we analysed HARQ procedure and timing problems for half duplex mode for inter-band CA with different TDD configurations, and make the following observations and proposals:
Observation 1: transmission direction determination for overlapped subframe requires extra work effort for half duplex mode compared to full duplex mode.

Observation 2: The PDCCH/PHICH missing problem for self-scheduling in dynamic direction determination creates extra complexity compared to full duplex mode.

Observation 3: The PDCCH/PHICH missing problem for self-scheduling when following the Pcell’s direction creates extra complexity compared to full duplex mode.

Observation 4: PUCCH collision problem for self-scheduling of semi-static direction determination adds extra complexity compared to full duplex mode.

Observation 5: half duplex mode has more issues compared to full duplex mode.

Proposal: We propose that RAN1 further evaluates these listed issues associated with half duplex mode. The extra work load and specification effort from these need to be considered when comparing with full duplex mode for CC-specific TDD.
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