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1 Introduction

Multiplexing multi-cell HARQ-ACK and single-cell periodic CSI in a PUCCH from a UE configured with DL CA has been agreed to be supported in case PUCCH Format 3 is configured for HARQ-ACK signal transmission and it is FFS in case PUCCH Format 1b with channel selection is configured for HARQ-ACK signal transmission. This contribution considers aspects of multi-cell HARQ-ACK and single-cell periodic CSI multiplexing. It is noted that multi-cell HARQ-ACK can also be multiplexed with multi-cell periodic CSI as discussed in [1].
2 Multi-Cell HARQ-ACK - Single-Cell Periodic CSI Multiplexing
2.1 Design Considerations
The design considerations for HARQ-ACK and single-cell periodic CSI multiplexing in a PUCCH for DL CA include: 
a) PUCCH Formats – support with PUCCH Format 3 and PUCCH Format 1b with channel selection.
b) Multiplexing rules – HARQ-ACK bundling and/or partial periodic CSI feedback.
c) Coding method – joint coding or separate coding (for PUCCH Format 3).
d) Power control – whether any modifications are needed to the Rel-10 power control formulas.
e) Configuration aspects for HARQ-ACK/CSI multiplexing.
2.2 PUCCH Formats 
a) HARQ-ACK transmission with PUCCH Format 1b with Channel Selection

The use of PUCCH format 1b with channel selection is limited to 2 cells for both FDD and TDD. PUCCH format 2 is considered for HARQ-ACK and periodic CSI multiplexing as the network may not support PUCCH format 3. 

DL CA with 2 configured cells is the main case where the network may maintain the Rel-10 TDD-based mechanism for periodic CSI reporting from a UE (single-cell CSI report using PUCCH Format 2) and not configure multi-cell periodic CSI reporting. As reporting periodicities of about 10 msec can be supported in this case without collisions (even in TDD), the main problem is a collision of HARQ-ACK and periodic CSI. 
For FDD, one alternative for HARQ-ACK and periodic CSI multiplexing is to perform HARQ-ACK spatial-domain bundling, when applicable, in each cell and transmit the resulting 2 HARQ-ACK bits (one bit per cell) using PUCCH format 2b. A similar technique was adopted in Rel-10 to support HARQ-ACK and positive SR multiplexing (spatial-domain bundling, when applicable, and transmission of the 2 HARQ-ACK bits in the SR resource). Another alternative, and the only possible one in case of extended CP, is to jointly encode the HARQ-ACK and periodic CSI payloads. Spatial-domain bundling may still be considered in order to use the same transmitter/receiver as in Rel-10, minimize the increase in the coding rate, and minimize the required increase in the PUCCH format 2b transmission power. Note that with HARQ-ACK spatial domain bundling, support for HARQ-ACK and single-cell periodic CSI multiplexing for normal CP and extended CP is effectively as in Rel-8 using PUCCH Format 2b. 
For TDD and bundling window size of M=2, support of HARQ-ACK and periodic CSI multiplexing by the HARQ-ACK modulating the RS of PUCCH format 2b needs to involve both spatial-domain and time-domain bundling. Moreover, a NACK-to-ACK error case exists when the UE correctly receives the first PDSCH but misses the PDCCH scheduling the second PDSCH in a cell. For M>2, support of HARQ-ACK and periodic CSI multiplexing is not possible (cannot feedback the number of continuous ACKs per cell when having only 1 bit per cell). In case of joint coding, PUCCH format 2b needs to support 4 additional bits for HARQ-ACK multiplexing which can be challenging even when the periodic CSI consists of only 4 bits of wideband CSI (e.g. ~7 dB additional SINR is needed to transmit an aggregate of 8 HARQ-ACK/CSI bits with 1e-3 BLER relative to transmitting 4 CSI bits with 1e-2 BLER). 
With the above considerations, if HARQ-ACK and single periodic CSI multiplexing with PUCCH Format 2b should be limited only to FDD. Although the need for this multiplexing in FDD is not as strong as in TDD, it is stronger than in Rel-8 FDD where it is supported and relies on an existing PUCCH format (PUCCH Format 2b). Given that the throughput loss from HARQ-ACK spatial domain bundling in case of 2 cells is smaller than 1% and that such bundling may frequently be limited or not be needed (PDSCH TM in one or both cells conveys 1 TB per subframe) while the throughput loss (and ability to perform link adaptation) from frequent loss of a periodic CSI report is larger than 1%, multi-cell HARQ-ACK and single cell periodic CSI multiplexing should be supported in case a UE is configured PUCCH Format 1b with channel selection for HARQ-ACK signal transmission.  
Observation 1: Multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is beneficial and simple to support in FDD using PUCCH Format 2b and applying HARQ-ACK spatial-domain bundling when necessary. Multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is neither beneficial nor simple to support in TDD.
b) HARQ-ACK transmission with PUCCH Format 3

PUCCH format 3 can support approximately a double payload compared to PUCCH format 2. As both the HARQ-ACK payload and the periodic CSI payload are predetermined (on a subframe basis), supporting their multiplexing using PUCCH format 3 can be a network choice by configuration considering the total and/or individual payload. 
Since multiplexing multi-cell HARQ-ACK and single-cell periodic CSI with PUCCH Format 2b, if supported in case PUCCH Format 1b with channel selection is configured for HARQ-ACK, can directly follow the Rel-8 process, the remaining of this contribution concerns the case that PUCCH Format 3 is configured for HARQ-ACK transmission.
2.3 Coding Method (PUCCH Format 3)
Either separate coding or joint coding may be used for HARQ-ACK and CSI transmission with PUCCH Format 3. Separate coding is meaningful because the different BLER targets for HARQ-ACK and periodic CSI allow for adjusting the partitioning of respective PUCCH format 3 resources (rate matching) according to respective payloads and target BLERs. Without rate matching, separate coding is generally expected to be worse than joint coding. 

The advantage of separate coding with rate matching may offer some performance gains over joint coding. In [3] and for the EPA channel, gains within 0-1 dB were reported. However, smaller gains are expected for frequency selective channels (due to the steeper slope of BLER curves) or with TxD. Moreover, the potential gain of separate coding over joint coding occurs when the CSI payload is equal to or larger than the HARQ-ACK payload. However, this may not be relevant as partial periodic CSI reporting is likely to be needed in order to avoid requiring SINRs cannot be provided if the multiplexing capacity of PUCCH Format 3 per PRB is not decreased (due to interference-limited operation, e.g. [1]). 
The disadvantages of separate coding are the more complex specification, testing, and implementation. The rate matching should be specified for all possible combinations of HARQ-ACK and periodic CSI payloads. Moreover, a different rate matching will be needed when the last symbol of PUCCH format 3 is punctured to transmit SRS or for normal CP and extended CP. It is not clear whether the rate matching needs to be optimized depending on other parameters such as the channel or the receiver type. Additionally, new transmission power control functionality is needed for separate coding which is likely to be complex as it needs to address every possible combination of HARQ-ACK payload and periodic CSI payload. Finally, unless multi-code transmission is used, separate coding cannot support HARQ-ACK and periodic CSI multiplexing for TDD systems without incurring large DL throughput losses for some UL-DL TDD configurations (even for 2 configured cells) as enforcing spatial-domain and time-domain bundling will often be required in order to reduce the HARQ-ACK payload to less than 12 bits even when such bundling may not be needed. It is noted that multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is more important in TDD.
Joint coding is therefore preferred due to its simpler implementation, testing, and specification and due to its better applicability to TDD as the performance difference with separate coding in most cases is within a small dB fraction.
Observation 2: Joint coding for multi-cell HARQ-ACK and periodic CSI multiplexing offers simple specification and implementation without meaningful performance loss and it particularly applicable in TDD where multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is most beneficial.
2.4 Power Control (PUCCH format 3) 
In case of PUCCH format 3, the Rel-10 transmission power control applies with the periodic CSI payload being added to 
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 which is computed as described in [2] (joint coding is assumed – same principle as for joint coding of HARQ-ACK and periodic CSI for single-cell operation and extended CP in Rel.10). 
Observation 3: The existing transmission power control functionality is adequate to support HARQ-ACK and periodic CSI multiplexing in a PUCCH.

2.5 Configuration of HARQ-ACK Bundling or Partial CSI Reporting
The additional SINR required for achieving the HARQ-ACK/CSI reliability targets may be significant and will depend on the additional periodic CSI payload (assuming that the total HARQ-ACK/CSI payload is not above 20 bits). To account for the additional interference, the PUCCH format 3 multiplexing capacity may need to be reduced. 
When HARQ-ACK and periodic CSI multiplexing is very frequent, as in most TDD UL-DL configurations, a significant decrease in multiplexing capacity may need to occur (assuming configuration of 2 cells) unless (possibly additional) HARQ-ACK bundling applies when periodic CSI is multiplexed in PUCCH Format 3. It is noted that, due to SINR requirements, support of large payloads (above 10 bits) with PUCCH Format 3 is already limited and HARQ-ACK bundling is currently considered even when there is no periodic CSI multiplexing. In addition to HARQ-ACK bundling, partial CSI feedback should also be configured as, otherwise, the total HARQ-ACK/CSI payload may become too large (even with HARQ-ACK bundling). For simplicity, to avoid multiple rules and conditions, partial CSI feedback may include only the wideband CQI.
Therefore, a network should perform the following configurations:
a) Configuration of a simultaneousAckNackAndCQI_CA parameter indicating whether multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is supported.
b) Configuration of HARQ-ACK bundling (default in case of PUCCH Format 1b with channel selection) – FFS whether or not the same HARQ-ACK bundling applies as when a UE transmits only HARQ-ACK.

c) Configuration of partial periodic CSI reporting (rules can be predetermined – e.g. only wideband CQI is reported). 
3 Conclusions

This contribution considered the multiplexing of multi-cell HARQ-ACK and single-cell periodic CSI. In particular, the following are proposed.

Proposal 1: For HARQ-ACK transmission using PUCCH Format 1b with channel selection, multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is supported only for FDD using PUCCH Format 2b and applying HARQ-ACK spatial-domain bundling when necessary.

Proposal 2: Multi-cell HARQ-ACK and single-cell periodic CSI multiplexing uses joint coding in case of PUCCH Format 3 and the respective Rel-10 coding methods for normal/extended CP in case of PUCCH Format 2b.

Proposal 3a: The network configures a UE whether to multiplex HARQ-ACK and periodic CSI using a parameter simultaneousAckNackAndCQI_CA.

Proposal 3b: For PUCCH Format 3, the network configures a UE whether to perform HARQ-ACK bundling – FFS whether or not the same HARQ-ACK bundling applies as when a UE transmits only HARQ-ACK.

Proposal 3c: For PUCCH Format 3, the network configures a UE whether to report partial CSI. 
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