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1 Introduction

Periodic CSI reporting for DL CA in Rel.10 will be supported by configuring separate resources in time for each cell. Therefore, multi-cell periodic CSI is not supported even though multi-cell aperiodic CSI is. One of the main reasons for not extending the multi-cell support of aperiodic CSI to periodic CSI, despite this being an implementation choice using the same transmitter/receiver/channel structure as for multi-cell aperiodic CSI, was that for Rel.10 UEs supporting up to 2 DL cells, periodic CSI collisions can be infrequent or avoidable (with the proper choice by the eNodeB scheduler of the respective parameters). Occasional losses of periodic CSI reports (for Scells) were deemed to have a marginal impact on the system throughput or be circumvented by scheduling aperiodic CSI. 
A consequence of the above decision is that in addition to dropping all but one of the periodic CSI reports in case of mutual collisions, additional drops of signal transmissions will occur. Collisions of periodic CSI with SR, which depending on the SR periodicity are likely or certain to occur, are handled again by dropping the periodic CSI (as in Rel.8). Collisions of periodic CSI with SRS are handled by dropping the SRS (as in Rel.8). Collisions of periodic CSI with HARQ-ACK are handled again by dropping the periodic CSI (baseline) as there is currently no support of multiplexing CSI and HARQ-ACK in case of DL CA. Nevertheless, the possibility for multiplexing HARQ-ACK and CSI, based on either PUCCH Format 2 or PUCCH Format 3, is for further consideration depending on whether the system operation experiences significant problems otherwise.
This contribution provides an overview of the alternatives for multiplexing HARQ-ACK and periodic CSI and considers the associated implications. 
2 HARQ-ACK and CSI Multiplexing for DL CA
Setting aside specification, implementation, and testing aspects associated with supporting HARQ-ACK and CSI multiplexing in conjunction with DL CA for Rel.10, the focus will be on the operational tradeoffs of this multiplexing based on PUCCH Format 2 and PUCCH Format 3. With the exception of HARQ-ACK multiplexing with fully implicit resources (if/when applicable), HARQ-ACK and CSI multiplexing in the same resource will result to either the HARQ-ACK resource or the CSI resource being wasted. For brevity, PUCCH Format 3 will be considered but the case of PUCCH Format 2 (only possibility if the network or the UE does not support PUCCH Format 3) will also be addressed.
There are several operational tradeoffs for HARQ-ACK and CSI multiplexing that can be summarized with the following 3 fundamental cases:

a) No information loss.
b) Partial loss of CSI information.

c) HARQ-ACK bundling with/out partial loss of CSI information.
The first case is always applicable in Rel.10 in case of the wideband CSI consisting of 4 bits. This is because the maximum HARQ-ACK payload is 4 bits for FDD and 16 bits for TDD (for maximum bundling window size of 4 DL sub-frames – TDD configuration 5 is not considered). Then, as the maximum supportable payloads for PUCCH Format 3 are 11 bits for FDD and 21 bits for TDD (including the 1-bit SR), it is trivial to follow the same approach for the wideband CSI as for the SR (joint coding with HARQ-ACK using PUCCH Format 3). 
Despite PUCCH Format 3 providing the required capacity to multiplex HARQ-ACK and wideband CSI in Rel.10, another important criterion is the increase in power required for meeting the respective reliability requirements. By jointly coding the HARQ-ACK and CSI, the HARQ-ACK payload is effectively increased and, even though the additional CSI requires lower reliability, it needs to have the same one as the HARQ-ACK. For example, multiplexing a 2-bit or 4-bit HARQ-ACK with a 4-bit wideband CSI requires an additional SINR of about 1.5 dB and 1.7 dB, respectively, compared to the case that HARQ-ACK is only transmitted and CSI is dropped [1]. As UEs configured CA are not expected to be coverage limited, this additional SINR may not be a serious concern (even for FDD where the DL and UL may experience different conditions). However, the additional interference needs to be carefully considered particularly for the larger HARQ-ACK payloads (in TDD) where only a very small fraction of UEs has the required geometry for achieving the desired reliability [2]. Therefore, the additional interference will in effect require a reduction in the PUCCH Format 3 multiplexing capacity by about a factor of 1.5-2.
The second case is applicable when the CSI additionally consists of sub-band CSI and spatial differential CSI. Then, dropping individual parts of the CSI (e.g. starting from the spatial differential CSI information and continuing with the sub-band CSI) may be considered in order to preserve at least the wideband CSI. Then, the same behavior as if having only wideband CSI is achieved. Although the support for this functionality is simple, its actual benefit and its implication on the eNodeB operation need to be considered as the eNodeB needs to capture variability in the CSI contents that cannot be planned in advance. In addition, the previous issues for the multiplexing of HARQ-ACK and wideband-only CSI apply.
The third case (without loss of CSI information, for simplicity) trades off some throughout loss resulting for HARQ-ACK bundling (whenever applicable) for some throughput gain resulting from not occasionally losing periodic CSI. It is unclear whether this tradeoff is definitively in favor of CSI multiplexing so that this functionality is specified and respective evaluations are necessary. 
For HARQ-ACK and CSI multiplexing using PUCCH Format 2 the same arguments apply in case of FDD but this multiplexing is not possible without DL throughput loss in TDD for a UE configured with PUCCH Format 3. If the HARQ-ACK consists of a maximum of 4 bits, as in Rel.10 FDD deployments or for a UE configured with “mode a” or “mode b” in TDD, it is possible to multiplex HARQ-ACK and wideband CSI, with or without dropping sub-band CSI, and the same arguments as above for the first or the second case respectively apply (with reference to PUCCH Format 2 instead of PUCCH Format 3). Another alternative is to perform HARQ-ACK spatial bundling (in case of 2 cells and FDD) but this is similar to the third case above and the same arguments apply.
In summary, there are several aspects that should be sufficiently analyzed before proceeding with any specification of HARQ-ACK and CSI multiplexing in conjunction with DL CA:
a) In all schemes suggested so far, there is resource loss (either the CSI one or the HARQ-ACK one(s)). 
b) The inter-cell interference impact of the additional SINR required for multiplexing HARQ-ACK and CSI needs to be considered particularly as it can lead to reductions in multiplexing capacity in order to maintain the same reception reliability as without the interference increase. 
· In case of variable CSI feedback (by dropping parts of CSI in an unpredictable manner), the impact on the eNodeB scheduler design needs to be assessed.   
c) In case of HARQ-ACK spatial bundling, it needs to be examined whether the associated DL throughput loss is sufficiently offset by the capability of avoiding occasional losses of periodic CSI.
For FDD and Rel.10 deployments consisting of 2 cells, periodic CSI and HARQ-ACK collisions can be avoided with reasonable probability, particularly since the CSI periodicity does not need to be too short for the optimization cases of low speed UEs, and aperiodic CSI-only PUSCH can be scheduled when needed. For example, for CSI reporting period of 10 msec and 2 cells, indicative evaluations in [3] suggest that the collision probability is less than 10% (and even smaller if PUSCH transmissions are also considered or if simultaneous PUSCH and PUCCH transmissions are enabled). 
For TDD and Rel.10 deployments consisting of 2 cells, there isn’t much chance for avoiding HARQ-ACK and CSI collisions (this also depends on the TDD configuration) but wideband CSI can rely on SRS (HARQ-ACK and SRS multiplexing is always possible), while sub-band CSI can again be obtained, if and when needed, by scheduling CSI-only PUSCH.
3 Conclusions

This contribution considered high level aspects for introducing HARQ-ACK and CSI multiplexing in conjunction with DL CA in Rel.10. As there are several issues for which evaluations and more detailed analysis are needed and as Rel.10 deployments with 2 cells will not have significant operational problems if HARQ-ACK and CSI multiplexing is not supported, it is preferable to leave this aspect for later Releases in order to ensure a proper design and avoid introducing at this stage additional features in Rel.10. 
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