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1 Introduction

LTE-A requires substantially higher channel state information (CSI) feedback payloads compared to LTE to support:
a) CSI feedback for multiple DL component carriers (CC)
b) DL CoMP

c) Combination of CSI feedback for multiple CCs and DL CoMP

While for symmetric DL/UL CC aggregations the CSI signaling fundamentally appears just as a generalization of the LTE one to multiple UL CCs, it appears preferable to have all CSI signaling only in one UL CC. This will allow covering all possible UE-specific symmetric or asymmetric DL/UL CC allocations (e.g. multiple DL CCs are linked to one UL CC) with a single design. It will also avoid transmission power control (TPC) issues resulting from having to support transmissions with potentially substantially different powers in different UL CCs (unlike the PUSCH, MCS adaptation cannot be assumed for the PUCCH) and avoid performance limitations in UL control signaling associated with a CM increase and heterogeneous networks. Moreover, single UL CC CSI transmission can provide some power savings for periodic CSI feedback especially for non-contiguous UL CCs. Therefore, it is advantageous to consider CSI signaling structures where the transmission is in a single UL CC regardless of the number of DL CCs or the linkage between DL CCs and UL CCs. 
DL CoMP also represents a challenging scenario with respect to the required CSI feedback payloads. While it is presently unclear whether full channel state information (i.e. the channel coefficients, whether compressed or in some other equivalent form) is needed, even for the more benign case of CQI-only feedback, the respective payload increases proportionally with the number of eNodeBs in the CoMP reporting set. Since a CoMP UE is often likely to also experience low UL SINR (UL CoMP is only likely to offer gains that are limited within a few dBs), supporting higher payloads for CSI feedback becomes even more challenging. The combination of CoMP and multiple DL CCs further stresses the requirements for the supportable CSI payloads.
LTE-A support of higher CSI payloads than in LTE was captured in the CoMP TP for the LTE-A TR in [1]. Two approaches were identified:  
· Expanding the supported PUCCH payload sizes

· Using periodic/a-periodic reports on PUSCH

This contribution further examines the applicability and attributes of the previous two approaches. Note that a periodic PUSCH approach can be simply viewed as a different PUCCH format for the support of moderate/large CSI payloads. This can be helpful in incorporating the resources for the periodic CSI signaling using the PUSCH structure into the overall PUCCH resources for CSI reporting and have the same management of dynamic ACK/NAK resources as in LTE while avoiding scheduler restrictions for regular PUSCH transmissions that would occur otherwise. 
2 CSI Feedback Support in LTE-A

2.1 Expanding PUCCH Payload Sizes
As PUCCH format 2 can support a maximum of about 10 information bits with a reasonably small code rate of about 1/2 (normal CP, QPSK), it is inadequate for conveying moderate/large CSI feedback payloads. Potential remedies include:
a) Using multiple sequences (multiple channels)
b) Using multiple sub-frames

c) Using higher order modulation

d) Combinations of the above

The supportable CSI payload scales linearly with the number of sequences (channels) for its signaling. However, as the CAZAC-based PUCCH design targets reliable reception of small payloads at low SINRs, it is inefficient for transmission of high payloads. Multi-sequence transmission maintains these inefficiencies with the additional penalty of increased overhead and CM. For example, 1 RB will be required to transmit about 60 CSI bits from one UE using 6 sequences (6 cyclic shifts of a CAZAC sequence). Such spectral efficiency is good for low SINRs but, as also shown in [2], the PUSCH is much more spectrally efficient for the transmission of at least moderate payloads at SINRs above about 0 dB. Similar to using multiple sequences is the use of multiple UE transmitter antennas with orthogonally multiplexed transmission of different payloads. However, in addition to not always being available, this approach has similar limitations in the supportable payloads and overhead increase as the one relying on multiple sequences. 
Using multiple sub-frames was also considered in LTE but was deemed problematic due to the desired objectives of self decodable transmissions per sub-frame, avoidance of scheduler restrictions (resulting from the need to have a full report before scheduling), minimizing UE power consumption and overhead, and maximizing DTX/DRX time. The same objectives hold for the CSI feedback signaling in LTE-A. In fact, for LTE-A, these objectives are reinforced by the need to have the feedback for multiple DL CCs and/or multiple CoMP cells available at the same time to simplify the scheduling process. Moreover, the same inefficiencies for the transmission of at least moderate payloads as with the use of multiple sequences apply. Therefore, extending the transmission of the CSI feedback over multiple sub-frames does not appear as a potential solution. 
Using higher order modulation can be feasible for UEs with high SINRs. However, considering the BLER difference in the order of 6 dB between QPSK and QAM16, modulation orders higher than QAM16 can be considered inapplicable. Also, QAM16 can only double the supportable payload relative to QPSK. Moreover, for DL CoMP UEs, the UL SINR is unlikely to be high enough (e.g. above 5 dB) to support QAM16 with CSI BLER below 10% even if UL CoMP is applied to the CSI transmission (UL CoMP is generally unlikely to provide SINR gains exceeding a few dBs). 
Therefore, using the LTE PUCCH format 2 design to support variable CSI feedback payloads that are substantially higher than about 10 bits does not appear to be a generally viable direction for further investigations. The fundamental constraint of PUCCH transmissions is that there is no dimensioning of the corresponding resources with respect to the CSI payload or the UE SINR. To maintain reasonable UL overhead in LTE-A, given that the CSI overhead will increase relative to LTE, it is important to design the CSI transmission structure so that the respective resources are a function of the payload and of the UE SINR. 
2.2 Periodic PUSCH for CSI Feedback
The PUSCH is a natural choice to support variable payloads but the tradeoff is the increased overhead as multiplexing of UEs in the same RB(s) cannot be generally assumed with the current structures (it cannot be assumed that any UE can always be reliably paired with one or more other UEs using SDMA, particularly considering BLER targets below 10% and absence of HARQ). Also, frequency dependent scheduling cannot be used for CSI feedback as the respective PDCCH overhead is prohibitive (frequency hopped PUSCH transmission is generally preferable, as for the PUCCH). 
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Figure 1: BLER in PUCCH and PUSCH.
Figure 1 shows the CQI BLER using the PUCCH format 2 and the PUSCH for various payloads. The PUCCH offers more reliable reception of smaller payloads at low SINRs (however, the PUCCH BLER curves should be shifted to the right once UE multiplexing in the same RB is considered). CSI transmission in the PUSCH can support substantially larger payloads and inclusion of CRC in the CSI transmission can allow higher CQI BLER targets. 
Although the PUCCH format 2 design has been optimized for low SINRs (e.g. 2 RS per slot), the punctured (32, 10) RM codes do not exploit frequency diversity (which is also evidenced by the slope of the respective BLER curves). However, the PUSCH can support substantially larger payloads at the expense of significantly increased overhead. The exact overhead will depend on the particular assumptions but for an indicative example of 5-10 UEs reporting CSI per sub-frame (e.g. CSI reporting period of 5 msec) in 10 MHz UL BW using 1 RB PUSCH transmission, the respective overhead will be 10-20%. Clearly, such overhead is too high considering the additional overhead of DM RS (~14%), of SRS from multiple UE transmitter antennas (e.g. ~4%), of ACK/NAK signaling due to SPS and dynamic scheduling (e.g. ~4%), of PUCCH periodic CQI (e.g. ~4%), and of SR and PRACH (e.g. ~4%) for a total overhead of around ~50%. Clearly, support of CSI feedback in the PUSCH would represent a significant part of the total UL overhead. 
To reduce the periodic CSI feedback overhead using the PUSCH sub-frame structure, the respective multiplexing capacity should be increased and provide a smooth transition between the two extremes of PUCCH (minimum payload (~10 bits), maximum multiplexing capacity per RB (~6 UEs)) and single-UE PUSCH (maximum payload (~50+ bits), minimum multiplexing capacity per RB (1 UE)). For example, the multiplexing capacity per sub-frame in the PUSCH may vary between 1 to 4 UEs as the payload respectively varies from a maximum value (depending on the assigned MCS) to a minimum one. 

TDM, FDM, or CDM may apply, and modulation order higher than QPSK (e.g. QAM16) may be considered for high SINR UEs. A single solution that can be applicable to any DL/UL CC allocation (symmetric, asymmetric), and to any environment (contiguous CCs, non-contiguous CCs, highest/lowest carrier frequencies, highest/lowest UE speeds) is desirable. 
3 Conclusions
This contribution considered the periodic transmission of CSI payloads larger than the ones supportable by the PUCCH format 2 in LTE without incurring the PDCCH overhead associated with triggered CSI transmissions in the PUSCH. 
As the PUSCH can accommodate high CSI payloads and is more flexible than the PUCCH to support the trade-off between payload and UE multiplexing capacity, its periodic transmission should be considered as the vehicle for accommodating large CSI payloads. In this sense, the periodic PUSCH is just a PUCCH format for supporting large payloads. 
Similar to data transmission in the PUSCH, the MCS assigned to the CSI transmission in the periodic PUSCH should reflect the UE SINR in order to improve the spectral efficiency of the periodic PUSCH transmission and reduce its overhead. Additionally, UE multiplexing in the periodic PUSCH appears critical for containing the UL overhead within tolerable limits. To minimize implementation, testing, and standardization complexity, it is desirable that UE multiplexing methods in the PUSCH be applicable in all operating scenarios.
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