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Introduction

As discussed in [1], carrier aggregation introduces more challenges for UL ACK/NAK feedback, especially for TDD system. In this paper, we focus on power-limited cases, and present our considerations related to following TDD-specific issues:

· How to reduce the number of ACK/NAK bits in power/coverage-limited cases?

· How to handle potential error cases in related ACK/NAK feedback mode(s)?
Discussion
For UL ACK/NAK feedback, UL coverage optimization should always be kept in mind, especially for power-limited UE. As discussed in [1], ACK/NAK bundling is an essential element to reduce potential ACK/NAK overhead, and the following ACK/NAK modes need to be considered in LTE-A TDD, which are optimized for power-limited UE:
· ACK/NAK full bundling mode: 

· As in Rel’8 TDD, it’s mainly used for small number of ACK/NAK feedback (i.e. bundled ACK/NAK bit is generated via “AND” operation across multiple ACK/NAKs).

· In LTE-A TDD, such a mode could be specified to maximum UL coverage and serve as an ACK/NAK fallback mode. And it will be helpful when multiplexing ACK/NAK with CQI or SR.
· ACK/NAK container is PUCCH format 1a/1b or PUSCH (as that in Rel’8 TDD).

· ACK/NAK partial bundling mode:

· As in Rel’8 TDD, it’s mainly used for medium number of ACK/NAK bits.

· ACK/NAK partial bundling is performed to reduce ACK/NAK overhead and optimize UL coverage.

· For ACK/NAK on PUCCH format 1b, channel selection specified in Rel’8 TDD can be fully utilized.

Proposal: In LTE-A TDD, both “ACK/NAK full bundling” and “ACK/NAK partial bundling” modes are supported to optimize UL coverage.
ACK/NAK Full Bundling
DAI is an essential element for ACK/NAK bundling operation to handle potential DTX to ACK error due to DL grant missing. 
In Rel’8 TDD, 2-bit DAI in PDCCH is encoded in a pure-counter way to avoid potential “predictive scheduling” issue in time domain. 

In LTE-A TDD, pure-counter DAI encoding could be extended in a straight-forward manner as shown in Figure 1. It’s noted that:
· CC-domain first pure-counter encoding is preferred to avoid potential scheduling constraint in time domain.

· “MOD 4” operation is preferred to keep 2-bit DAI bit-width, which avoids additional TDD-specific overhead for almost all PDCCHs.
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Figure.1 DAI encoding for ACK/NAK full bundling mode

For pure-counter DAI encoding, to avoid last-N-DL-grant-missing issue:

· For ACK/NAK on PUCCH, constellation point selection (QPSK) is performed based on Table 1 to inform eNB that which PDCCH is the last one received by UE.

                    Table 1 Constellation point selection

	Selected Constellation point (QPSK)
	Bundled ACK/NAK value & DAI value of last received PDCCH

	(0,0)
	NAK, any DAI value

	(0,1)
	ACK, DAI=0 or 3

	(1,0)
	ACK, DAI=1

	(1,1)
	ACK, DAI=2


· For ACK/NAK on PUSCH: 
· As in Rel’8 TDD, 2-bit DAI included in UL grant is used to indicate “total number of scheduled DL grants within the bundling window”. In addition, “MOD 4” operation is preferred to keep 2-bit DAI bit-width. 
· For SPS case, “the total number of received assignments MOD 4” is signalled via scrambling code selection, which is also inherited from Rel’8 TDD.
One potential error case related to “MOD 4” operation is contiguous 4 DL grants missing (but not including the last one). For this kind of error case, we have following observations: 

· Such kind of error case already exists in Rel’8 TDD for 9DL: 1UL configuration.
· For without CIF case, it’s a very scarce case considering that the missed 4 DL grants should be contiguous, and are more likely sent from different DL CCs.

· For with CIF case, the missed 4 contiguous DL grants may be from single DL CC, which means the probability of individual PDCCH missing may be correlative. In such case, joint encoding between CIF and DAI could be considered. One implementation is to use total 32 states to indicate both CC index and DAI, which makes contiguous DL grants missing to be scarce.
Proposal: For ACK/NAK full bundling mode, CC-first pure-counter DAI encoding is adopted, which fully re-use Rel’8 mechanism, without introduced scheduling constraints.
ACK/NAK Partial Bundling
Basically, following options are possible for ACK/NAK partial bundling mode, as shown in Figure 2.
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Figure.2 Options for ACK/NAK partial bundling mode 

(Left: ACK/NAK CC-domain bundling. Right: ACK/NAK time-domain bundling)

For both options, in the case of ACK/NAK on PUCCH format 1b:

· Spatial bundling is performed as ACK/NAK multiplexing mode in Rel’8 TDD.

· Re-use channel selection mechanism in Rel’8 TDD to transmit generated ACK/NAK bits.

· CC-domain or time-domain ACK/NAK bundling is performed to fit ACK/NAK payload to multiplexing capacity.

Figure 3 gives an example of ACK/NAK CC-domain bundling for ACK/NAK on PUCCH format 1b, where DAI is encoded as “(total number of DL grants within current subframe) MOD 4” to handle potential error cases.
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Figure.3 ACK/NAK CC-domain bundling (for ACK/NAK on PUCCH format 1b) 

For ACK/NAK on e.g. PUCCH format 2 or PUSCH (to support X~Y ACK/NAK bits, where both X and Y are FFS):
· CC-domain or time-domain ACK/NAK bundling is performed to fit ACK/NAK payload to multiplexing capacity.

Figure 4 gives an example of ACK/NAK CC-domain bundling for ACK/NAK on e.g. PUCCH format 2 or PUSCH. Similar DAI encoding method as that for ACK/NAK on PUCCH format 1b is adopted here.
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Figure.4 ACK/NAK CC-domain bundling (for ACK/NAK on e.g. PUCCH format 2 or PUSCH) 

Regarding the comparison between two options for ACK/NAK partial bundling, we summarized our observations in Table 1, which shows that ACK/NAK CC-first bundling makes more sense for ACK/NAK partial bundling operation.

Table 1 ACK/NAK CC-first bundling vs. ACK/NAK time-first bundling 

	
	ACK/NAK CC-domain bundling 

(Option 1)
	ACK/NAK Time-domain bundling
 (Option 2)
	Comparison

	Impact to DL throughput
	As evaluated in [2],

· For cell average throughput, ACK/NAK CC-bundling and time-bundling provide almost similar performance (CC-bundling is slightly better). 

· For cell edge throughput, ACK/NAK CC-bundling leads to ~10% gain over time-bundling.
	Option 1 is better, from performance perspective.

	Error case handling due to DL grant(s) missing
	Clear DAI encoding: 

· (total number of DL grants within current subframe) MOD 4.

· No other error cases except contiguous four DL grants missing.
	Difficult DAI encoding:

· Rel’8 DAI per CC and the issues exists -> last grant missing in any CC may lead to error case.
· Additional error case handling mechanism or “predicative scheduling” is needed. 
	Option 1 is better, from error case handling capability perspective.

	Error case handling due to ambiguity during CC-reconfiguration
	ACK/NAK codebook size depends on TDD UL/DL configuration:

· CC-reconfiguration will not lead to ACK/NAK codebook size ambiguity.
	ACK/NAK codebook size depends on configured CCs:

· CC-reconfiguration will lead to ACK/NAK codebook size ambiguity.

· One option to handle this is to define an unified table (e.g. use M=4 table for all cases).
	Option 1 is better, from simplicity perspective.

	Standardization efforts
	Channel selection principle in Rel’8 TDD is fully utilized. There is no need to define new channel selection table (e.g. for M=5).
	New channel selection table (e.g. for M=5) is potential needed.
	Option 1 is better, from standardization efforts perspective.

	Backward compatibility
	Fall-back to Rel’8 TDD ACK/NAK multiplexing mode (channel selection) in single CC case.
	Fall-back to Rel’8 TDD ACK/NAK bundling mode in single CC case.
	


Proposal: For ACK/NAK partial bundling mode, CC-domain ACK/NAK bundling is adopted.

Conclusions
In this paper, we focus on UL ACK/NAK feedback for power limited cases, and proposed that, in LTE-A TDD:
Proposal 1: Both “ACK/NAK full bundling” and “ACK/NAK partial bundling” modes are supported to optimize UL coverage.

Proposal 2: For ACK/NAK full bundling mode, CC-first pure-counter DAI encoding is adopted, which fully re-use Rel’8 mechanism, without introduced scheduling constraints.

Proposal 3: For ACK/NAK partial bundling mode, CC-domain ACK/NAK bundling is adopted.
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