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1. Introduction

At the last RAN WG1 meeting in Madrid, the following agreements were reached when it comes to ACK/NACK transmission on PUCCH

· For Rel-10 UEs that support up to 4 A/N bits: PUCCH Format 1b with channel selection

· For Rel-10 UEs that support more than 4 A/N bits: 

· Both PUCCH format 1b with channel selection and DFT-S-OFDM are supported

· PUCCH format 1b with channel selection up to 4 A/N bits
· DFT-S-OFDM for the full range of A/N bits
· UE is configured by higher layers between DFT-S-OFDM and PUCCH format 1b with channel selection
Furthermore, for FDD the following was agreed:

· Codebook selection based on configured CCs and configured transmission modes for each CC

· No DAI 

· No explicit DTX

· No carrier-domain A/N bundling 

· For the case of channel selection with simultaneous SR or CQI, this is the baseline, to be confirmed. 

For TDD, bundling was discussed and it was noted that possibilities for bundling include full bundling as well as partial bundling in the time and component carrier domains in addition to spatial bundling.  Additionally, the support of ACK/NACK multiplexing, possibly with spatial bundling, was discussed. Discussions were also held with regards to the maximum ACK/NACK payload size where both 10bits as well as 20bits were mentioned. In the present contribution, ACK/NACK feedback for TDD on PUCCH is discussed.

2. Discussion

2.1. ACK/NACK multiplexing with spatial bundling only

The number of ACK/NACKs to be fed back depends on the number of component carriers and the UL:DL configuration. For uplink downlink configuration 2, 4DL:1UL, up to 40 ACK/NACKs are needed for the case with two codeword transmission and five component carriers.  Under the assumption of DFT-S-OFDM with a bandwidth of a single PRB, a payload of 40 bits would require a very high code rate, and to reduce the payload to at most 20 bits, without introducing additional challenges due to handling of missed downlink assignments, spatial bundling can be applied. 

Proposal:

· For ACK/NACK multiplexing, whether or not spatial bundling is used, is determined by the number of configured component carriers and the UL:DL configuration. 
The link performance of ACK/NACK feedback payloads for up to 20 bits is evaluated in [1]. For such a large payload, the SNR required is above zero dB, and hence such a payload can not be supported for all terminals in a cell with re-use one even for the case with a single UE in each cell. To increase the SINR on PUCCH, re-use larger than one can be considered, which requires some form of network planning. Alternatively, only the fraction of UEs having high enough UL SINR can support full ACK/NACK feedback for multiple component carriers and all downlink subframes.  This means that the uplink PUCCH quality will impose constraints in terms of the number of transport blocks that can be assigned within a set of associated downlink subframes, and for a (significant) fraction of terminals, there are hence limitations on the number of downlink component carriers and/or number of subframes.

Different scheduling strategies can be taken for terminals with limited uplink feedback. A straight forward approach to reduce the required payload is to fall back to using only a single component carrier and use rel-8 ACK/NACK feedback.  For robust operation, we therefore make the following proposal.

Proposal:

· If a terminal receives assignments only on the primary component carrier,  ACK/NACK feedback according to rel-8 is transmitted
In short, with spatial bundling, the ACK/NACK payload can, for most relevant UL:DL configurations, be reduced to 20bits without introducing mechanisms to handle missed DL assignments. The drawback is that the required SNR is so high that not all terminals can support such payloads with re-use one. This calls for more ACK/NACK resources to enable a re-use larger than one and/or a more complex scheduler taking the instantaneous PUCCH quality into account. 

2.2. Component carrier domain bundling

One way to reduce the ACK/NACK payload to improve coverage and possibly allow re-use one operation is to bundle the ACK/NACKs associated with different component carriers in the same subframe. It further appears to be necessary to perform bundling in order to support PUCCH format 1b with channel selection, since according to current agreements this only supports up to four ACK/NACK bits.

For the case with component carrier bundling, it is argued for example in [2] that missed DL assignments can be handled in a straight forward way by redefining the DAI to represent the number of assigned component carriers. A possible problem to consider with redefining the DAI is that fall back to rel-8 feedback modes appears not possible, since both Rel-8 ACK/NACK multiplexing and ACK/NACK bundling relies on the DAI counting the number of sub frames assigned on a particular component carrier. 

Additionally, even in the case with low mobility, the error events on different component carriers are expected to be relatively uncorrelated.  Furthermore, the uplink coverage of the PUCCH will further be different for different uplink subframes for certain uplink downlink configurations.
2.3. Time domain carrier bundling

For time domain bundling, it can be argued that the losses due to bundling are relatively low, at least at low speed, and it may also be noted that the uplink PUCCH coverage can be more similar in all uplink subframes.  The major challenge with time domain bundling in a carrier aggregation context is how to deal with missed assignments, and it is stressed for example in [2] , that error-case handling needs to be clarified. 

For Rel-8 TDD ACK/NACK feedback, it may be noted that the amount of ACK/NACK resources on PUCCH in a given uplink subframe is proportional to the number of associated downlink subframes, and that missed assignments at the end of an ACK/NACK bundling window can be detected by the eNodeB due to the fact that the UE selects a PUCCH resource based on the last subframe in which a PDCCH is detected. The eNodeB only needs to listen to an expected resource. An extension of these mechanisms to the carrier aggregation context could be done as follows:

1. The size of the DAI is extended, for example in two fields as outlined in [3] , so that both the number of previously assigned DL subframes per carrier (as in Rel-8) as well as the total number of assigned component carriers per DL subframe are signaled.  The terminal selects the PUCCH resource(s) for ACK/NACK based on the last subframe in which a downlink assignment has been detected on any component carrier. 

2. The size and the meaning of the DAI is kept the same as in Rel-8, and the terminal selects PUCCH resource(s) based on the last received DL subframes on all component carriers.  

It should be noted that these principles apply to both DFT-S-OFDM as well as channel selection with PUCCH format 1b. It can be noted that for the second alternative with rel-8 DAI, the number of PUCCH resources can become large. For aggregation of two component carriers with a 4DL:1UL asymmetry,  16 different sets of PUCCH resources would be needed, whereas the first approach similar to Rel-8 requires only four different PUCCH resources in this case. The first approach is hence more in the spirit of Rel-8, where DAI was introduced to save UL overhead.

2.4. Discussion

From an error case handling perspective, ACK/NACK multiplexing with spatial bundling only appears to be the simplest choice. The required SNR becomes so high not all terminals in a cell can feed back the maximum payload size in case of re-use one, something which poses a risk from a deployment perspective and involves an advanced scheduler which constrains the downlink scheduler in accordance with the instantaneous uplink control channel quality. The scheduling constraints imposed by the uplink PUCCH quality will most likely lead to some downlink performance degradation.

From this uplink perspective, ACK/NACK bundling is simpler and more roust, and it should be kept in mind that the benefits of carrier aggregation does not vanish because of ACK/NACK bundling; assuming that the loss of ACK/NACK bundling is in the order of 0-10% at low speeds as compared to the ideal case with full ACK/NACK feedback, see e.g. [4] 
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[6],  the net benefit of carrier aggregation of two carriers as compared to single carrier operation is still 80-100%.  Considering that the uplink quality will impose downlink scheduling constraints, it appears not obvious that the full ACK/NACK multiplexing always outperforms ACK/NACK bundling.

We further note that it has already been agreed to support two ACK/NACK feedback transmission modes, DFT-S-OFDM and PUCCH format 1b with channel selection. Since the payload of PUCCH format 1b with channel selection is small, it appears natural to use this format together with ACK/NACK time and/or component carrier bundling whereas DFT-S-OFDM is suited for ACK/NACK multiplexing with only spatial bundling.

Proposal:
· For TDD ACK/NACK feedback, consider one or both of the following two options

· PUCCH format 3 using DFT-S-OFDM with only spatial bundling (and no time nor carrier domain bundling) for up to 20 ACK/NACK bits with coding schemes for FDD and TDD well aligned.

· PUCCH format 1b and channel selection for cases with component carrier and/or time domain bundling down to at most 4 ACK/NACK bits.

For PUCCH format 1b with channel selection, it may be noted that if time domain bundling is used, then this format could be applicable only for up to two component carriers.

3. Conclusion
ACK/NACK transmission on PUCCH for LTE TDD with carrier aggregation was discussed in the present paper. The following proposals are made

· For ACK/NACK multiplexing, whether or not spatial bundling is used, is determined by the number of configured component carriers and the UL:DL configuration. 
· If a terminal is receives assignments only on the primary component carrier,  ACK/NACK feedback according to rel-8 is transmitted.
· For TDD ACK/NACK feedback, consider one or both of the following two options

· PUCCH format 3 using DFT-S-OFDM with only spatial bundling (and no time nor carrier domain bundling) for up to 20 ACK/NACK bits with coding schemes for FDD and TDD well aligned.

· PUCCH format 1b and channel selection for cases with component carrier and/or time domain bundling down to at most 4 ACK/NACK bits.
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