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1 Introduction

In Rel.10, when multiple periodic CSI reports for respectively multiple cells are to be transmitted in the same subframe, only one such periodic CSI report is transmitted and the remaining ones are dropped. The prioritization is according to the periodic CSI report type, following Rel.8 rules (e.g. RI is prioritized over wideband CQI/PMI which in turn is prioritized over narrowband CQI/PMI) and, for the same periodic CSI report type, according to the cell index [1]. 
This approach was deemed adequate for Rel.10 as DL CA deployments are considered for only 2 cells. Then, by appropriately selecting the subframe offset and the periodicity of the CSI reports from each of the 2 cells, collisions can be avoided or can be infrequent. However, at least for most TDD UL-DL configurations, information loss and/or UL resource waste are practically certain to occur as mutual collisions of periodic CSI reports, or collisions of HARQ-ACK feedback and periodic CSI report(s), or collisions of SRS and periodic CSI report(s), are practically impossible to avoid even for DL CA with only 2 cells. 
In Rel.11, allowing for transmission of multiple periodic CSI reports for DL CA (and multiplexing of periodic CSI with HARQ-ACK and/or SRS) would be a beneficial enhancement to UL control signaling in order to support more robust signaling. 
This contribution reviews multi-cell periodic CSI reporting methods proposed in Rel.10 and also considers possible associated enhancements. 
2 Multi-Cell Periodic CSI Reporting Structures
2.1 Motivation
The main question for supporting multi-cell periodic CSI multiplexing, or HARQ-ACK and periodic CSI multiplexing, or periodic CSI and SRS 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 appropriate. 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 while 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, providing the feasibility of periodic CSI also for UEs configured with DL CA is a justifiable design objective. 

2.2 Candidate Multi-Cell CSI Containers
In order to support multi-cell periodic CSI reports a different transmission structure than PUCCH format 2 should be used in order to extend the supportable payloads beyond 11 bits. Existing structures that achieve this objective are the PUSCH and PUCCH format 3. The former can accommodate (in one PRB) periodic CSI reports from 5 cells. To reduce overhead, multiplexing of 2 UEs/PRB through TDM may be considered. 
Table 1 summarizes various operational properties of single-cell CSI reporting (using PUCCH format 2) and multi-cell periodic CSI reporting using PUSCH. It can be observed that multi-cell periodic CSI reporting using PUSCH improves a series of metrics with the only occasional exception being a somewhat larger overhead.  Some possible alternatives for multi-cell periodic CSI reporting are subsequently discussed.

Table 1: Properties of PUCCH Format 2 Single-Cell and PUSCH-based Multi-Cell Periodic CSI Reporting

	
	Rel.10 Periodic CSI Reporting
	Multi-Cell Periodic CSI Reporting 

	CSI Report Periodicity to minimize collisions (5 cells)
	 At least 10 msec for FDD 
No practical values exist for TDD
	Not an issue 

	Collision of CSI reports
	All CSI reports except one are lost
	Not an issue

	Collision of CSI and HARQ-ACK
	Periodic CSI is dropped – resource waste
	Not an issue

	Collision of CSI and SRS
	SRS is dropped – resource waste
	Not an issue

	Multi-Cell CSI availability
	Over multiple subframes
	In one subframe

	Network Operation
	Information loss – resource waste
	Not an issue 

	UE Power Consumption
	Maximum (multiple transmissions)
	Minimum (single transmission)

	Performance
	Reed-Muller (RM) Coding
	RM or TBCC Coding - ~4 dB gain for large payloads and TBCC [3]

	Overhead
	2 cells: 1/3 PRB, 6x interference

5 cells: 5/6 PRB, 6x interference
	1 PRB, 1x interference (1 UE/PRB)
1/2 PRB, 1x interference (2 UEs/PRB)


PUCCH Format 3

In Rel.10, as periodic CSI reporting is prioritized according to the ascending order of the cell index (for the same CSI type which will most often be the case since all cells are equivalent with respect to PDSCH transmissions), for most TDD configurations and for typical reporting periodicities, it will not be possible for the UE to ever report periodic CSI for cells with the higher indexes. For example, for TDD UL-DL configuration 2 (having 2 UL subframes per frame) and periodic CSI reporting period of 10 msec, it may never be possible using PUCCH Format 2 to report periodic CSI for 3 cells out of 5 cells (or for any cell if HARQ-ACK transmission is also considered). This problem can be avoided using a round robin criterion for periodic CSI reporting (of the same type) instead of prioritizing the cell index (which has no meaning in itself).
Using PUCCH format 3 to support multi-cell periodic CSI feedback for up to 2 cells is a trivial use of the Rel.10 design supporting up to 21 bits. For a maximum of 5 cells, the restrictions in periodic CSI reporting with PUCCH format 3 are roughly equivalent to the ones resulting for 2 cells using PUCCH format 2.

Multiplexing periodic CSI (using PUCCH format 3) and SRS can be supported as usual. Multiplexing periodic CSI (using PUCCH format 3) and HARQ-ACK may be possible with joint coding under some conditions [2] or possibly with multi-code transmission in the same PRB (FFS). Nevertheless, for most TDD configurations, it may still not be possible to obtain periodic CSI for more than 2 cells using PUCCH format 3 if multiplexing of HARQ-ACK (for TDD) and periodic CSI for 2 cells is not possible or desirable. 
Modified PUCCH Format 3

A modified PUCCH Format 3 can result by adopting a smaller SF than the SF=5 used in Rel.10 (i.e. by adopting different block spreading). For example, SF=2 can be used with 1 RS per slot as shown in Figure 1. Then, instead of repeating the same data in every symbol of each slot, as for the structure in Rel.10, different data can be transmitted in the first 3 symbols in each slot and can be repeated in the last 3 symbols.


[image: image2]
Figure 1: Modified PUCCH Format 3 (block spreading with SF=2 instead of SF=5) for Periodic CSI.

This simple variation of the block spreading structure used for PUCCH format 3 in Rel.10 can increase the supportable payload by about 3x which is sufficient to support multi-cell periodic CSI reporting for up to 5 cells. The multiplexing capacity decreases to 2 UEs/PRB (instead of 5 UEs/PRB with block spreading structure for PUCCH format 3 in Rel.10) but this is better than the multiplexing capacity offered by PUCCH format 2 which, for 5 cells, is effectively 1 UE/PRB. 

A modified PUCCH format 3 with a smaller SF than in Rel.10 (e.g. SF=2) is essentially an intermediate structure between the Rel.10 structure (SF=5) and the PUSCH structure (SF=1). Therefore, its properties in terms of multiplexing capacity and supportable payloads will lie between those of the Rel.10 block spreading structure of PUCCH format 3 (larger multiplexing capacity, smaller supportable payloads) and of the PUSCH (smaller multiplexing capacity, larger supportable payloads). 
PUSCH
The PUSCH is the simplest structure for supporting multi-cell periodic CSI while re-using the legacy procedure for multiplexing SRS and HARQ-ACK (such multiplexing may not be possible to support in a simple manner with PUCCH format 3 or a modified block spreading version of it). There is no functional difference for a UE to support multi-cell aperiodic CSI without data in a PUSCH (already possible in Rel.10) and support multi-cell periodic CSI (only that the former is triggered by PDCCH while the later is triggered by RRC).
The multiplexing capacity is 1 UE/PRB which is similar to that of PUCCH format 2 for periodic CSI reporting for 5 cells and smaller than the one of PUCCH format 3.

It is possible to improve the multiplexing capacity of PUSCH to 2 UEs/slot using TDM as shown in Figure 2 (e.g. for normal CP, the available of symbols per slot for each UE are either the first 4 or the last 4). 

[image: image3]
Figure 2: Modified PUSCH for Periodic CSI (TDM of 2 UEs/slot).

This is similar to the modified PUCCH format 3 (SF=2) with the exception that the multiplexing is TDM (not CDM – i.e. OCC is not applied) and each UE transmits over 4 symbols/slot instead of over the entire slot). However, similar to the modified PUCCH format 3, this is a structure not supported in Rel.10. Also, multiplexing HARQ-ACK and periodic CSI may have to rely on joint coding as the legacy method for multiplexing HARQ-ACK in a PUSCH cannot be used.  
Summary
Rel.10 provides adequate tools to support multi-cell periodic CSI and enable HARQ-ACK and multi-cell periodic CSI multiplexing in Rel.11. The simplest approach is to allow the network to configure which structure among PUCCH format 2, PUCCH format 3, or PUSCH a UE should use for its periodic multi-cell CSI reporting. 

For example, for a UE with 2 activated cells, the network may configure the UE to use the Rel.10 method, particularly for FDD. For a UE with more than 2 activated cells, the network may configure the UE to use the PUSCH (this can also enable SRS and HARQ-ACK multiplexing as in Rel.10). In this manner, a Rel.11 network implementation can achieve all improvements possible in the metrics outlined in Table 1 without relying on any new transmission structure.

Using PUSCH to support multi-cell periodic CSI reporting only requires the definition of the associated higher layer signaling. As it is already possible for a PUSCH to convey only multi-cell aperiodic CSI, also supporting multi-cell periodic CSI is a most trivial issue which does not require any RAN4 involvement, does not introduce new structures and associated RAN1 specifications, actually reduces energy consumption at the UE (compared to multiple, single-cell, periodic CSI transmissions with PUCCH format 2), and does not introduce any additional UE complexity. 

3 Conclusions

This contribution considered enhancements to the periodic CSI reporting procedure of Rel.10 in case of DL CA. It is suggested that, in addition to single-cell CSI reporting with PUCCH format 2, PUCCH format 3 and PUSCH should be considered as vehicles for conveying multi-cell periodic CSI. Introduction of new transmission structures is not needed. The associated specification and implementation complexities are trivial or non-existent. 
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