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1 Introduction

Multiplexing HARQ-ACK and periodic CSI in a PUCCH from a UE configured with DL CA was not considered in a timely manner to be supported in Rel.10. Having a UE drop in an unpredictable manner (future scheduling decisions are not assumed to be predetermined) information (CSI) the NodeB configured it to transmit is obviously undesirable and, similar to single-cell operation, support for HARQ-ACK and periodic CSI multiplexing should be considered especially under the condition that it introduces minimal additional specification, implementation, and testing complexity. This contribution is an updated resubmission of R1-114208.
2 HARQ-ACK and Periodic CSI Multiplexing in PUCCH
2.1 Motivation
The loss of periodic CSI due to collisions with HARQ-ACK transmissions may be a frequent and a rather continuous event for UEs configured with DL CA. This is because in order to achieve high data rates, UEs with DL CA are likely to be scheduled in substantially consecutive DL subframes thereby generating frequent HARQ-ACK transmissions which are highly likely to collide with periodic CSI transmissions particularly in TDD. 

For UEs with DL CA, TPC-ACKs may be occasionally transmitted in a PUSCH but their frequency depends on the traffic type, the latency requirements, and the network implementation. In general, TCP-ACK transmission cannot be assumed to exist when periodic CSI and HARQ-ACK need to be transmitted. Such a constraint will also complicate the scheduler implementation. Similar to TCP-ACKs, scheduling aperiodic CSI may be considered as a remedy to such collisions. However, this also introduces all the disadvantages the use of periodic CSI aimed to avoid; namely, the increase in PDCCH overhead or the need for scheduler restrictions and the increase in PUSCH overhead as aperiodic CSI may have significantly larger payloads than periodic CSI particularly for DL CA. Moreover, existing PUCCH resources reserved for periodic CSI and HARQ-ACK transmission are wasted. 
In TDD, the SRS may be considered to obtain CSI. However, as the interference can be significantly different between the DL and the UL, CQI should at least be provided as part of CSI (PMI may be obtained by the SRS). Moreover, a wideband SRS (to provide wideband CSI information) is both expensive in terms of UL overhead and not feasible for the majority of UEs not experiencing the necessary UL SINR to provide the NodeB with an accurate channel estimate. 

Therefore, multiplexing periodic CSI and HARQ-ACK from a UE configured with DL CA should be supported.

2.2 Design Considerations
The design considerations for HARQ-ACK and periodic CSI multiplexing in a PUCCH for DL CA include: 
a) Multiplexing rules – HARQ-ACK bundling and/or partial periodic CSI feedback.
b) PUCCH Formats – whether HARQ-ACK and periodic CSI multiplexing is supported using PUCCH format 2b or PUCCH format 3 or a new PUCCH format for multi-cell periodic CSI. 
c) Coding method – joint coding or separate coding.
d) Power control – whether any modifications are needed to the Rel.10 power control formulas.
e) Performance and overhead – required increase in transmission power and impact on multiplexing capacity. 
Each of the above design considerations is subsequently considered.

PUCCH Formats for HARQ-ACK and Periodic 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, 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.

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

b) HARQ-ACK transmission with PUCCH Format 3
PUCCH format 3 can support practically 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. 
c) Multi-Cell Periodic CSI Transmission using a PUSCH Subframe Structure [2]
If a PUSCH subframe structure is used to simultaneously transmit multi-cell periodic CSI, support of HARQ-ACK and periodic CSI multiplexing for UEs and networks supporting this format becomes automatic following Rel.10 rules. Moreover, there is no need for additional configuration of partial periodic CSI feedback or HARQ-ACK bundling.
Coding Method for HARQ-ACK and Periodic CSI Multiplexing – Separate Coding or Joint Coding
In case the HARQ-ACK transmission uses PUCCH format 1b with channel selection, PUCCH format 2b is used and separate coding by modulating the RS applies for normal CP while joint coding applies for extended CP (as in Rel.10).

In case a PUSCH subframe structure is used for multi-cell periodic CSI reporting, separate coding applies as in Rel.10 (instead of aperiodic multi-cell CSI-only PUSCH, it is now periodic multi-cell CSI-only PUSCH).

In case of PUCCH format 3, either separate coding or joint coding may be used. Separate coding is meaningful because the different BLER targets for HARQ-ACK and periodic CSI allows for adjusting the partitioning of PUCCH format 3 resources (rate matching) for HARQ-ACK and periodic CSI according to the respective payloads and target BLERs. The advantage of separate coding is that the rate matching may offer some performance gains over joint coding. In [3] and for the EPA channel, these gains were reported to be between 0 dB and 1 dB. However, smaller gains are expected for frequency selective channels (due to the larger slope of the BLER curves) or in case of 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 which may not be relevant as partial periodic CSI reporting is often likely to be needed for PUCCH format 3.

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 and it is not clear whether the rate matching needs to be optimized for each particular channel or for transmission diversity. Additionally, new transmission power control functionality is needed for separate coding which is also 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 configurations as enforcing spatial-domain and time-domain bundling will often be required in order to reduce the HARQ-ACK payload to less than 11 bits. 
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.
Proposal 2: HARQ-ACK and periodic CSI multiplexing uses joint coding in case of PUCCH format 3 and the respective Rel.10 coding methods in case of PUCCH format 2b or of a PUSCH subframe structure.
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 Rel.10 transmission power control applies with the periodic CSI payload being added to 
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 which is computed as described in [1] (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). 
In case of a PUSCH subframe structure for simultaneously transmitting multi-cell periodic CSI, the Rel.10 transmission power control applies. 

Observation 1: The existing transmission power control functionality is adequate to support HARQ-ACK and periodic CSI multiplexing in a PUCCH.

Performance and Overhead Aspects for HARQ-ACK and Periodic CSI Multiplexing
In case of PUCCH format 2b (for HARQ-ACK transmission using PUCCH format 1b with channel selection), the performance is the same as in Rel.10 either for normal or for extended CP as the HARQ-ACK and (single-cell) periodic CSI multiplexing is as in Rel.10. 

In case of a PUSCH subframe structure for simultaneously transmitting multi-cell periodic CSI, the performance is the same as when HARQ-ACK is multiplexed with aperiodic CSI-only PUSCH transmission. 

In case of PUCCH format 3, the additional SINR required to achieve the HARQ-ACK reliability targets (for joint HARQ-ACK and periodic CSI coding) may be significant and will depend on the additional periodic CSI payload (assuming that the total payload is not above 20 bits). To account for the additional interference, the PUCCH format 3 multiplexing capacity may need to be reduced in order to improve the UE SINR. When HARQ-ACK and periodic CSI multiplexing is very frequent, for example in TDD or for a large number of activated cells, a significant decrease in multiplexing capacity may need to occur (for example, the multiplexing capacity will need to be reduced in half if multiplexing of HARQ-ACK and the larger periodic CSI payloads is to be supported). Moreover, due to SINR requirements, support of large payloads (above 10 bits) is already limited and HARQ-ACK bundling is currently considered even when the payload is close to but not above 20 bits. Therefore, partial CSI feedback and/or HARQ-ACK bundling should be also configured in case a UE is configured to multiplex HARQ-ACK and periodic CSI using PUCCH format 3. 

Observation 2: Configuration of partial periodic CSI feedback and/or HARQ-ACK spatial bundling is practically necessary to support HARQ-ACK and CSI multiplexing with PUCCH format 3.

HARQ-ACK bundling or Partial Periodic CSI Feedback for HARQ-ACK and Periodic CSI Multiplexing
For PUCCH format 2b or for a PUSCH subframe structure, the NodeB needs to only configure whether multiplexing of HARQ-ACK and periodic CSI is supported (otherwise, the periodic CSI is dropped). This configuration may not be necessary in case a PUSCH subframe structure is used for periodic CSI feedback in case of DL CA or DL CoMP (FFS). 
For PUCCH format 3, HARQ-ACK bundling and/or partial periodic CSI facilitate HARQ-ACK and periodic CSI multiplexing by reducing the total payload which is practically essential when using PUCCH format 3. HARQ-ACK bundling may be supported only in the spatial domain as bundling in cell-domain or time-domain (TDD) results to considerable DL throughput loss. If after both HARQ-ACK bundling and partial CSI feedback the network deems the total payload as still being too large, the network may not configure multiplexing of HARQ-ACK and periodic CSI and periodic CSI is then dropped.

Therefore, for PUCCH format 3, the NodeB may additionally configure the maximum total payload for which HARQ-ACK and periodic CSI multiplexing is supported when configured, whether HARQ-ACK spatial-domain bundling should apply (possibly as a function of the initial total payload) and whether partial CSI should apply (possibly as a function of the initial total payload).

For HARQ-ACK and periodic CSI multiplexing 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.

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 and a UE configured for HARQ-ACK and periodic CSI multiplexing, the network configures the maximum total supportable payload and whether the UE applies HARQ-ACK spatial domain bundling or partial CSI feedback (FFS whether as a function of the total initial payload). 

General Issues for HARQ-ACK and Periodic CSI Multiplexing
For multi-cell periodic CSI feedback (either for DL CA or for DL CoMP) using a PUSCH subframe structure [2], all functionalities for HARQ-ACK and periodic CSI multiplexing can be as in Rel.10 for aperiodic CSI and HARQ-ACK multiplexing (e.g. as for aperiodic CSI-only PUSCH).
For single-cell periodic CSI feedback (for a network deploying only the Rel.10 periodic CSI feedback mechanism for DL CA), either PUCCH format 2 or PUCCH format 3 can be used depending on the method used for HARQ-ACK transmissions (PUCCH format 1b with channel selection or PUCCH format 3, respectively).  

For the proposals in this contribution, the specification requirements for HARQ-ACK and periodic CSI multiplexing are limited only to defining the respective RRC signaling. No new RAN1 functionalities are introduced and the implementation and testing requirements are trivial. 
3 Conclusions

This contribution considered the support of HARQ-ACK and periodic CSI multiplexing with DL CA (or DL CoMP). In particular, the following are proposed.

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

Proposal 2: HARQ-ACK and periodic CSI multiplexing uses joint coding in case of PUCCH format 3 and the respective Rel.10 coding methods in case of PUCCH format 2b or of a PUSCH subframe structure.

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 and a UE configured for HARQ-ACK and periodic CSI multiplexing, the network configures the maximum total supportable payload and whether the UE applies HARQ-ACK spatial domain bundling or partial CSI feedback (FFS whether as a function of the total initial payload). 
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