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1 Introduction

Multiplexing HARQ-ACK and periodic CSI in a PUCCH from a UE configured with DL CA was briefly discussed in Rel.10. However, mainly due to the late stage in the specifications when the discussions occurred, this multiplexing was not supported in Rel.10. As a result, a UE always drops its periodic CSI report when it coincides with its HARQ-ACK feedback in a PUCCH even when the simultaneousAckNackAndCQI parameter (inherited from Rel.8) is set to TRUE. 
Although the HARQ-ACK and periodic CSI multiplexing defined in Rel.8 is associated with FGI bits and IoT is currently not available, the need to define HARQ-ACK and periodic CSI multiplexing is actually stronger in case of DL CA due to the more frequent collisions, especially for TDD systems. Moreover, as it is further discussed, in case PUCCH format 3 (or PUCCH format 2) is used for HARQ-ACK and periodic CSI multiplexing, IoT may actually be easier than for PUCCH format 2a/2b.
This contribution focuses on the high level design principles for the support of HARQ-ACK and periodic CSI multiplexing from a UE configured with DL CA. 

2 HARQ-ACK and CSI Multiplexing in PUCCH
2.1 Motivation
The main question for supporting HARQ-ACK and periodic CSI multiplexing in a PUCCH from a UE configured with DL CA is whether the periodic CSI is useful in that case since the eNodeB can request aperiodic CSI in a PUSCH. UEs configured with DL CA typically have good DL SINRs and the more detailed aperiodic CSI may be more meaningful for scheduling such UEs. Moreover, in TDD, the SRS may be used to provide both wideband and narrowband CSI.
One obvious issue with triggering aperiodic CSI is the associated PDCCH (and PUSCH) overhead. Although the number of UEs scheduled with DL CA per subframe is typically small, the number of UEs configured with DL CA and needing to provide CSI feedback may be relatively large. Moreover, the eNodeB can utilize wideband periodic CSI before deciding to request aperiodic CSI for potential FDS as this can be expensive in terms of UL resources. Additionally, wideband (periodic) CSI is typically more reliable and may suffice in scheduling a significant percentage of UEs configured with DL CA. Periodic CSI may also serve to provide information for adapting the PDCCH transmission power (although other means, such as open-loop power control, also exist). 
In TDD, using the SRS to obtain CSI is possible but cannot be exclusively relied upon as only UEs with relatively high SINR are able to provide accurate CSI using wideband SRS. Moreover, wideband SRS is expensive in terms of UL resources, using narrowband SRS to provide wideband CSI increases latency and, as the number of UE transmitter antennas may be different (smaller) than the number of UE receiver antennas, using antenna selection for SRS transmission will further increase latency.
Therefore, not discounting a consistent periodic CSI for UEs configured with DL CA is a justifiable design objective. 
2.2 Design Considerations
The design considerations for HARQ-ACK and CSI multiplexing in a PUCCH for DL CA include: 
a) Multiplexing rules - for example, whether HARQ-ACK and periodic CSI multiplexing should be supported if this requires HARQ-ACK bundling or dropping some parts of the periodic CSI.
b) PUCCH Formats – whether HARQ-ACK and periodic CSI multiplexing is supported using PUCCH format 2b or PUCCH format 3. 
c) Power control – whether any modifications are needed to the Rel.10 power control formulas.
d) Performance and overhead – required increase in transmission power and impact on multiplexing capacity. 
HARQ-ACK bundling or Partial Periodic CSI for HARQ-ACK and Periodic CSI Multiplexing
HARQ-ACK bundling reduces the HARQ-ACK payload and therefore facilitates HARQ-ACK and periodic CSI multiplexing. The need for HARQ-ACK bundling depends on the multiplexing capacity of the PUCCH format. Considering the DL throughput loss associated with HARQ-ACK bundling in each possible domain (spatial, time, cell), the option of spatial-domain bundling may be the only one considered as it results to the smallest loss (the exact loss depends on the scenario and the simulation assumptions - widely varying results were reported in Rel.10). 
HARQ-ACK spatial-domain bundling, if supported for the multiplexing of HARQ-ACK and periodic CSI in a PUSCH, can be by network configuration. It is unlikely that time-domain bundling can be justified for avoiding (occasional) dropping periodic CSI. Also, obviously, support for cell-domain bundling should not be introduced for that purpose. 
The network may additionally configure a UE to drop individual parts of the periodic CSI (e.g. starting from spatial differential CSI and continuing with sub-band CSI) in order to preserve the wideband CSI while enabling multiplexing with HARQ-ACK within the multiplexing capacity of a respective PUCCH format. 

PUCCH Formats for HARQ-ACK and CSI Multiplexing
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. 
For FDD, collisions of HARQ-ACK with periodic CSI do not appear to be a serious problem and the motivation for HARQ-ACK and periodic CSI multiplexing in this case is relatively weak when considering associated drawbacks. If supported, one simple way 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 simple way, 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 minimize the difference relative to Rel.8/9 operation, maximize the number of supportable periodic CSI payloads, minimize the increase in the coding rate, and minimize the required increase in the PUCCH format 2b transmission power).

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 2 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 2 needs to support 4 additional bits for HARQ-ACK multiplexing which can be challenging even when only 4 bits of wideband CSI is included (e.g. ~7 dB additional SINR is needed to transmit an aggregate of 8 HARA-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 periodic CSI multiplexing with PUCCH Format 2b is supported, this may be limited only to FDD. 
b) HARQ-ACK transmission with PUCCH Format 3
The use of PUCCH format 3 allows for almost 100% increase in the supportable payloads (up to 21 bits with dual RM) compared to PUCCH format 2 (up to 11 bits). Support for such payloads was not needed in Rel.8 but became necessary in Rel.10 and may become even more so in Rel.11. 

As both the HARQ-ACK payload in the PUCCH and the periodic CSI payload are predetermined, supporting their multiplexing through joint coding using PUCCH format 3 can be a simple network choice by configuration. 
Power Control for HARQ-ACK and Periodic CSI Multiplexing
In case of PUCCH format 2b, the existing power control formulas for normal CP and extended CP apply without any modification [1]. 

In case of PUCCH format 3, the existing power control formulas also apply with the periodic CSI payload being added to 
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 which is computed as described in [2]. 
To reduce the additional transmission power required to convey the jointly coded HARQ-ACK and periodic CSI payloads while achieving the HARQ-ACK reception reliability, methods reducing either payload may be considered. In order to avoid compromising the HARQ-ACK information relative to Rel.10 while also providing some periodic CSI feedback, it seems preferable to prioritize partial periodic CSI over HARQ-ACK (spatial-domain) bundling. Nevertheless, either or both of these functionalities may apply by network configuration. 

Performance and Overhead Aspects for HARQ-ACK and CSI Multiplexing
In case of PUCCH format 2b, the performance is the same as in Rel.8 in case the HARQ-ACK modulates the RS. Some additional SINR will be needed in case of joint encoding of HARQ-ACK and periodic CSI, depending on whether HARQ-ACK bundling and/or partial periodic CSI is used. The impact on the supported multiplexing capacity per PRB due to increased interference will depend on the value of this additional SINR.  

In case of PUCCH format 3, the additional SINR to achieve the HARQ-ACK reliability targets will depend on the additional periodic CSI payload and so will the impact on the multiplexing capacity per PRB due to the increased interference. In systems where HARQ-ACK and periodic CSI multiplexing can be very frequent, for example for some TDD configurations or for a large number of activated cells, a significant decrease in multiplexing capacity can occur due to significantly increased interference. For PUCCH format 3, it is important to avoid decreasing the multiplexing capacity per PRB. Nevertheless, this can be fully under the control of the network which configures a UE whether or not to support HARQ-ACK and periodic CSI multiplexing.  

General Issues for HARQ-ACK and Periodic CSI Multiplexing
For HARQ-ACK and periodic CSI multiplexing in case of DL CA, a new parameter, simultaneousAckNackAndCQI_CA, should be defined as the associated methods and implications in single-cell operation and in multi-cell operation are different.

If larger periodic CSI payloads are supported in Rel.11, for example for DL CoMP or for DL CA to avoid dropping one or more periodic CSI reports in case of mutual collisions, the respective PUCCH format (e.g. PUCCH format 3 or a PUSCH-based format) may also be considered for multiplexing HARQ-ACK and periodic CSI [3]. If PUCCH format 3 is (also) adopted for periodic CSI, it may be preferable to support separate, simultaneous HARQ-ACK and CSI transmissions (separate coding - multi-code transmission) rather than a single transmission with joint coding. If a PUSCH-based format is (also) adopted for periodic CSI, separate coding and the existing multiplexing rules of UCI in a PUSCH apply. Separate coding simplifies the simultaneous transmission of HARQ-ACK and periodic CSI and typically requires smaller total power as the different reliability targets for the two UCI types are separately addressed. 
The specification of HARQ-ACK and CSI multiplexing is simple and, outside of the definition of some higher layer signaling, only RAN1 needs to be involved. 
3 Conclusions

This contribution considered the support of HARQ-ACK and periodic CSI multiplexing from a UE configured with DL CA. If the network does not support PUCCH format 3, HARQ-ACK spatial domain bundling may be required and support may be limited only to FDD. If the network supports PUCCH Format 3, HARQ-ACK spatial domain bundling or partial periodic CSI reporting seem necessary (can be individually configured by the network) for practical support of HARQ-ACK and periodic CSI multiplexing. This multiplexing should also be configured by the network through a new parameter simultaneousAckNackAndCQI_CA in Rel.11. If an additional format is also introduced in Rel.11 to support periodic CSI reporting, such as PUCCH format 3 or a PUSCH-based format, HARQ-ACK and periodic CSI multiplexing may be supported without introducing HARQ-ACK bundling or partial periodic CSI for this purpose.
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