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1 Introduction

Support of multi-cell periodic CSI multiplexing for DL CA based on an existing UL channel format was agreed in RAN1#68bis. Additionally, support of multi-cell HARQ-ACK with (single-cell) periodic CSI was agreed 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 the UL channel format for periodic CSI multiplexing. Multi-cell HARQ-ACK and (single-cell) periodic CSI multiplexing is considered in an accompanying contribution [1]. 

2 Multi-Cell Periodic CSI Reporting Structures
Multi-cell periodic CSI in Rel-11 is primarily targeted for more than two configured cells as, despite its inefficiencies, the Rel-10 TDD-based approach using PUCCH Format 2 may suffice in case of 2 cells particularly if multi-cell HARQ-ACK and single-cell periodic CSI multiplexing is supported. The resulting payloads for multi-cell periodic CSI reporting in case of 3 or more cells preclude the use of PUCCH Format 2 and limit the candidate UL channel formats to PUSCH and PUCCH Format 3. 

The attributes of these two choices in terms of performance, overhead, scalability, specification/implementation/testing complexity, and overall functionality are subsequently considered.

PUCCH Format 3

The payload capacity of PUCCH Format 3 is theoretically about twice that of PUCCH Format 2. However, due to the high SINRs required for supporting larger payloads, BLER of PUCCH Format 3 can be severely limited by interference if the maximum multiplexing capacity of 5 UEs/PRB (or 4 UEs/PRB in case of an SRS subframe as it is practically the case in TDD) is applied. 

Figure 1 shows the BLER for various multi-cell CSI payloads in a PUCCH Format 3 using dual RM. At least 0.5 dB more would be required if SRS multiplexing is also supported (practically certain in TDD).
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Figure 1: Multi-Cell CSI BLER in PUCCH Format 3 (dual RM).
Figure 2 shows the geometry CDF for the UMA (similar geometries exist for other scenarios). It can be observed that the maximum multiplexing capacity of 5 UEs/PRB cannot be supported for the target BLER (practically for any UE and any payload above 11 bits). The same holds for the vast majority of UEs when the multiplexing capacity is reduced to 3 UEs/PRB or even to 2 UEs/PRB for the larger payloads. Such interference-limited operation when supporting large payloads with multiple UEs/PRB for PUCCH Format 3 has also been observed for HARQ-ACK operation [1] and was behind the consideration for modifications to the PUCCH Format 3 structure for supporting multi-cell periodic CSI (the objective was to reduce the code rate). Such modifications were nevertheless abandoned due to the associated specification/implementation impacts and as they failed to fully resolve other issues such as the support for large payloads of multi-cell periodic CSI or multiplexing with multi-cell HARQ-ACK.
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Figure 2: PUCCH geometry CDF for UMA.
Although PUCCH Format 3 with dual RM can theoretically support (in terms of payload capacity in non-interference limited environments) wideband CQI from up to 5 cells, it is always capacity limited if sub-band CQI (e.g. Mode 2-1) or PMI needs to also be provided (similar to PUCCH Format 2). This is often the case for avoiding the large aperiodic multi-cell CSI overhead in a PUSCH and for supporting FDS/beamforming for ePDCCH without relying on aperiodic multi-cell CSI reporting (may also become a “chicken-and-egg” problem when localized ePDCCH is to be used).
To avoid the payload capacity limitations of PUCCH Format 3 when a CSI report includes sub-band CQI/PMI, a TDM-based approach can be considered to transmit periodic multi-cell CSI reports for different cells in different subframes (similar to the PUCCH Format 2 based approach in Rel-10). Then, transmitting PUCCH Format 3 in 2, 3, or even more subframes (depending on the total payload) can provide the required capacity. However, there are several drawbacks with such an approach:
a) When using a dual RM for a total payload above 10 bits, a small number of UEs per PRB is needed (e.g. 2) to limit interference and achieve 1% BLER. Then, using 2 or 3 subframes to transmit multi-cell periodic CSI results to overhead of at least 1 PRB (or more if SORTD is additionally used to improve BLER).  
b) Collisions with multi-cell HARQ-ACK (and RI) and dropping of multi-cell periodic CSI reports are practically certain to occur in TDD (even if aggressive HARQ-ACK bundling is applied, the combined payload of multi-cell HARQ-ACK and multi-cell periodic CSI is unlikely to be supportable with respective desired BLERs). The throughput loss observed when single-cell periodic CSI is dropped when colliding with multi-cell HARQ-ACK (which motivated the support multi-cell HARQ-ACK and single-cell periodic CSI multiplexing in Rel-11) will therefore be even larger. Collisions with SRS are also practically certain in TDD, thereby further reducing the theoretical multiplexing capacity from 5 UEs/PRB to 4 UEs/PRB and further increasing the minimum SINR requirements to achieve target BLERs. 
c) New specifications/testing are required for partial multiplexing of multi-cell periodic CSI reports in multiple instances of PUCCH Format 3 according to total payload or for dropping parts of periodic CSI reports. 
Observation 1: PUCCH Format 3 is not suitable for supporting multi-cell periodic CSI reports. 
PUSCH

The PUSCH is the simplest channel for supporting multi-cell periodic CSI reports as there is no functional difference for a UE between supporting multi-cell aperiodic CSI without data (legacy operation) and supporting multi-cell periodic CSI. Moreover, legacy procedures for multiplexing CSI with HARQ-ACK or RI in the PUSCH can be directly re-used.
Figure 3 shows the BLER for various multi-cell CSI payloads in a PUSCH consisting of 1 PRB using TBCC. 
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Figure 3: Multi-Cell CSI BLER in PUSCH (1 PRB).
Compared to the results in Figure 1 and considering the payload differences, much better BLER is achieved relative to PUCCH Format 3 due to the lower code rate despite having larger multi-cell periodic CSI payloads.  
One concern about using PUSCH to support multi-cell periodic CSI has been the overhead as the multiplexing capacity is 1 UE/PRB. However, this overhead is comparable to using multiple transmissions of PUCCH Format 3 to convey the same CSI payload. However, multiplexing 4-5 UEs/PRB for PUCCH Format 3 is not practically possible due to interference limitations. A same conclusion was reached for the adoption of SORTD for PUCCH Format 3 (and for PUCCH format 2) as the duplication of resources was not deemed significant since, in practice, less than the maximum number of UEs are multiplexed per PRB. Therefore, a multiplexing capacity of 1 UE/PRB is fundamentally acceptable for multiplexing CSI from 3-5 cells (or more in case of CoMP or ICIC). In addition, multiplexing support of multi-cell HARQ-ACK, RI, and SRS can be directly provided. Such support is essential especially for TDD systems.

A triggered multiplexing of multi-cell periodic CSI in the PUSCH has also been suggested [2] to better control the overhead associated with the use of PUSCH. However, for a reporting period of 10 msec and a typically modest number of UEs configured with 3 or more cells, overhead is already limited and reductions are not likely to be significant. Nevertheless, a triggered approach to multi-cell periodic CSI multiplexing in the PUSCH can be considered if the additional standardization/implementation impacts are marginal. 
Support of multi-cell periodic CSI in the PUSCH allows scalability for CA. In addition to HARQ-ACK/RI/SRS multiplexing, scalability is applicable when considering combination of CA and CoMP or eICIC where CSI reporting payloads may further increase. As main applications of such cases are for UEs for which UL SINR can be rather low and UL transmission power can be already rather high, PUCCH Format 3 becomes even more inappropriate. 
Support of multi-cell periodic CSI in PUSCH can also help alleviate PUCCH congestion from PCell (e.g. a macro-cell in het-nets) [2]. PUCCH congestion can occur when a macro-cell is the PCell for many pico-cells (SCells). A SCell does not currently incur any PUCCH overhead for associated periodic CSI (or HARQ-ACK) reporting which is always offloaded to the PCell. Using PUSCH to convey multi-cell periodic CSI may help balance PUCCH overhead among cells. Additional balancing can occur if multi-cell periodic CSI is triggered together with a resource indication [2] (although, strictly speaking, such CSI is aperiodic with a periodic CSI payload). 
For localized ePDCCH operation, reliability strongly relies on accurate CSI feedback for which typical target BLERs are similar or higher than the ePDCCH target BLER. Therefore, localized ePDCCH detection reliability is dominated not by the actual ePDCCH BLER but by the CSI feedback BLER! For aperiodic CSI feedback in a PUSCH, CRC protection can identify errors and assist the scheduler in avoiding transmitting localized ePDCCHs to a UE (e.g. either avoid scheduling or use fallback to PDCCH or to distributed ePDCCH). It is obviously highly desirable for ePDCCH link adaptation (and for PDSCH link adaptation) that CRC protection is also provided for periodic CSI feedback as the DL/UL overhead for triggering aperiodic CSI feedbacks is significant (and the main reason for supporting periodic multi-cell CSI feedback). 
Observation 2: Multiplexing multi-cell periodic CSI in PUSCH provides superior performance with similar overhead to other alternatives, enables direct re-use of Rel-10 principles for multiplexing HARQ-ACK/RI/SRS, allows for scalability and future-proof design, provides CRC protection, and enables UL control overhead balancing among cells. 
Summary

Multi-cell periodic CSI reporting can be supported by allowing the network to configure a UE with either single-cell TDM-based reporting as in Rel-10 or with the multi-cell reporting of Rel-11. The former is suitable for UEs configured with few cells, such as 2 cells in TDD, as collisions can be avoided with reasonable periodicities and as multiplexing of multi-cell HARQ-ACK with single-cell periodic CSI will be supported in Rel-11 (FFS for PUCCH Format 1b with channel selection).
For UEs configured with more than 2 cells, multi-cell CSI reporting using PUCCH Format 3 is fundamentally inapplicable (in addition to requiring suboptimal feedback and rather extensive specifications). Using PUSCH allows support for large periodic CSI reports, offers scalability for legacy multiplexing of HARQ-ACK/RI/SRS, allows for extensions to support CoMP or eICIC, minimizes UE power consumption as multi-cell periodic CSI can be reported with a single transmission, provides all periodic CSI reports at the same subframe (beneficial at least for CoMP operation), provides CRC protection, can balance associated PUCCH control overhead between the PCell and the SCells, and allows for a future-proof design. No new specifications are required, other than RRC signaling, unless additional mechanisms such as dynamic resource indication are adopted. There is also no RAN4 involvement.
Table 1 summarizes the comparison between PUSCH and PUCCH Format 3 for multi-cell periodic CSI support with respect to various metrics.
Table 1: PUSCH vs. PUCCH Format 3 – Comparison of various metrics for multi-cell CSI support

	Metric
	PUSCH
	PUCCH Format 3

	Performance
	· 
	· 

	Overhead
	1 PRB
	At least 1/2 PRB (for 2 transmissions) -
>= 1 PRB (interference limitations)

	HARQ-ACK/RI Multiplexing
	· 
	· 

	Simultaneous CSI for all cells
	· 
	· 

	DL throughput impact
	· 
	· 

	CRC Protection
	· 
	· 

	CoMP/ICIC Support
	· 
	· 

	UE Power Consumption
	· 
	· 

	PCell control overhead reduction
	· 
	· 

	Future Proof Design
	· 
	· 

	Specification/Implementation/Testing Impact
	· 
	· 


3 Conclusions

This contribution considered the UL channel for supporting multi-cell periodic CSI reports and associated comparison metrics. Based on the analysis and evaluations, the following is proposed. 
Proposal: A network can configure a UE to transmit multi-cell periodic CSI using a PUSCH.
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