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1 Introduction

The Rel.10 method for reporting periodic CSI for DL CA is based on TDM of the CSI reports using PUCCH format 2. As multi-channel transmission is not supported for the PUCCH, if periodic CSI reports happen to occur in the same subframe, only one is transmitted and the remaining are dropped according to similar prioritization conditions as in Rel.8 or according to the Cell-Index for the same report type. Collisions may be avoided by setting the CSI reporting period to be long enough as dictated by the number of DL cells and, for TDD systems, by the number of available UL subframes per frame. Although periodic CSI reports in Rel.10 may also be lost due to collisions with HARQ-ACK, as multiplexing of HARQ-ACK and periodic CSI is not supported in Rel.10 for DL CA, this issue is a somewhat separate one and is not addressed in this contribution. 
In RAN1#67, the need to support transmission of multiple periodic CSI reports in a PUCCH, primarily to facilitate DL CA operation with more than 2 cells in FDD or for UL-DL configurations in TDD with few UL subframes per frame, was discussed but without any conclusion. An outcome of the discussions was an agreement on simulations assumptions for throughout evaluations considering wideband and sub-band CQI and considering PDCCH loading and link adaptation / power control [1]. 

This contribution presents evaluations results for the impact of the periodic CSI reporting period on DL throughput for modes 1-1 and 2-1 and considers the impact on PDCCH link adaptation based on previously reported results. 
2 DL Throughput Evaluations 
Figure 1 presents the cell average throughput with periodic CSI reporting modes 1-1 and 2-1 at 3 Kmph and 15 Kmph as a function of the CQI reporting period (15 Kmph was selected over 30 Kmph as it represents the upper range for which LTE performance is to be optimized). The remaining simulation assumptions are in accordance to [1] and are summarized in the Appendix together with some additional parameters. It can be observed that the PUCCH CSI reporting mode (1-1 or 2-1) has a noticeable impact on the average cell throughput only at low speeds and that the benefits of mode 2-1 quickly degrade as the reporting period increases. 
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Figure 1: Average Cell Throughput vs. CQI Reporting Period

Figure 2 (directly derived from the results in Figure 1) presents the percentage of cell average throughput loss with periodic CSI reporting modes 1-1 and 2-1 at 3 Kmph and 15 Kmph as a function of the CQI reporting period relative to the 2 msec one.
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Figure 2: Percentage of Average Cell Throughput Loss vs. CQI Reporting Period above 2 msec.
From Figure 2, it can be more clearly observed that the throughput performance for a UE speed of 3 Kmph and only wideband reporting CQI is relatively robust to a long reporting period (“only” a ~5% loss when the reporting period is increased from 2 msec to 20 msec) but such robustness does not hold for sub-band CQI reporting or for a UE speed of 15 Kmph where the throughput loss exceeds 10% and may even approach 25%. At 3 Kmph, the throughput loss becomes significant for CSI reporting periods of 10 msec or more while at 15 Kmph the throughput loss becomes significant even for a CSI reporting period of 5 msec. 

The previous throughput losses are for single cell operation. For operation with DL CA the losses will increase as, with TDM reporting and in order to maximize data rates, PDSCH scheduling needs to occur in the same subframe for all cells while the quality (timeliness) of the CSI reports is different among cells especially for long CSI reporting periods.  
For an FDD system and 5 cells, without considering collisions among different CSI report types having different periodicities (e.g. rank and CQI/PMI), a minimum periodic CSI reporting period of 10 msec is required in order to avoid collisions. Otherwise, if collisions occur, due to the prioritization according to the Cell_index, the cells with the lower index may not even be able to report any periodic CSI. For a TDD system and UL-DL configuration 2, the periodic CSI reporting period to avoid collisions needs to be 40 msec which is excessively large.

Observation 1: CSI reporting periods of 10 msec or more result to significant throughput loss in the range of UE speeds where performance shall be optimized.

3 PDCCH Link Adaptation

Although PDCCH link adaptation is a network implementation issue, outer-loop link adaptation (transmission power and/or CCE aggregation level) relying on DTX feedback and wideband periodic CQI reporting in extensively used in Rel.8/9 networks. However, for DL CA, DTX feedback is not supported (no support with PUCCH format 3 and only marginal support for PUCCH format 1b with channel selection). This already degrades the ability to perform PDCCH link adaptation with DL CA and leaves the wideband periodic CQI as the only predictable information source. 
The impact of PDCCH link adaptation on the DL throughput was evaluated in [2] as a function of the wideband CQI periodicity. It was reported that the average cell throughput loss between a wideband CQI reporting period of 10 msec and the averaged “long-term” CQI depends can exceed 5% for UE speeds in the range of 3-15 Kmph and CQI reporting periods of 10 msec or less are needed to keep the cell throughput loss below 5%. The cell throughput loss from inaccurate PDCCH link adaptation is practically accumulative to the one associated with inaccurate PDSCH scheduling. 
Observation 2: CSI reporting periods larger than 10 msec degrade PDCCH link adaptation in the range of UE speeds where performance shall be optimized.

4 Aperiodic CSI Reporting

The reason for the DL throughput loss with DL CA when scheduling is based on periodic CSI is that such reporting is practically not supported in case of several activated DL cells, especially in TDD for DL-heavy DL-UL configurations that are the ones most applicable to DL CA, as reporting periods longer than 20 msec are often required rendering impractical individual periodic CSI reports through TDM.

Two possible approaches exist to avoid this problem. Either enabling periodic CSI reporting from multiple/all activated cells in a subframe or practically not using periodic CSI reports for DL CA and rely on aperiodic CSI reports. There are two key advantages of periodic CSI over aperiodic CSI (which are also the reasons for supporting periodic CSI)
a) PDCCH overhead 
b) UL overhead - A periodic CSI report requires ~1/6 of a RB per subframe while an aperiodic CSI report may require as many as 4 RBs per subframe for an as much as 24x overhead increase (report for a single cell is assumed). The additional information from an aperiodic CSI, on top of the one from a periodic CSI, may not always be needed. Considering that a UE typically transmits PUSCH in its primary cell (which may often be the only UL cell) and that UCI is multiplexed in that PUSCH regardless of its spectral efficiency, the absolute overhead for a multi-cell aperiodic CSI report can be significant (Rel.10 allows as many as 20 PUSCH RBs).
Regarding the PDCCH overhead, if 10% of the RRC-active UEs are configured with DL CA, the number of such UEs for a cell BW of 10 MHz or 20 MHz can be larger than 50. For an aperiodic CSI report every 10 msec, at least 5 PDCCHs will need to be transmitted per subframe to schedule aperiodic CSI. For operation with the legacy PDCCH, this is a serious concern due to capacity. If the network deploys E-PDCCH, the issue will be the additional overhead. 
Reliance on TCP-ACKs for aperiodic CSI reporting for DL CA may not avoid long reporting periods. The transmission period between successive TCP-ACKs from a UE may vary depending on the strategy the network takes for TCP-ACK transmissions in order to minimize the respective PDCCH overhead per subframe, on the frequency of PDSCH transmissions and their data rates in order to convey the packet data bytes for TPC-ACK, on the latency requirements of the traffic type, on the data buffer model, etc. In general, linking control signaling to user-plane data availability may not always be functional. 
Even if aperiodic CSI can be multiplexed with TCP-ACK in a timely manner, this does not avoid the UL overhead issue associated with relying almost exclusively on aperiodic CSI reports for most cells. As the aperiodic CSI reporting mode is configured by higher layers and depends on the configured PDSCH TM and as UEs configured with DL CA are likely to also be configured with an aperiodic CSI reporting mode requiring large payloads (e.g. mode 2-2 or mode 3-1), almost always using aperiodic CSI reports can be very expensive in terms of UL overhead. Up to 20 RBs may be required for an aperiodic CSI report for 5 activated DL cells but even for more reasonable values, such as 5 RBs for an aperiodic CSI report for less than 5 configured cells, the overhead is unacceptable if, using the previous example, 5 UEs with DL CA transmit aperiodic CSI reports in every subframe. 
Observation 3: Relying on aperiodic CSI as the primary source for link adaptation for UEs with DL CA results to reduced control capacity for data scheduling or increased control overhead and can significantly increase UL overhead.
5 Conclusions

This contribution considered the impact of the periodic CSI periodicity on the DL throughout and on the PDCCH link adaptation and also considered the use of aperiodic CSI reporting as a substitute to periodic CSI reporting. Long periodic CSI report periods substantially diminish the usefulness of periodic CSI and fail to optimize throughput performance even for low UE speeds. Substituting periodic CSI with aperiodic CSI for UEs with DL CA will also lead to throughput loss or scheduling restrictions.   

Proposal: Support multi-cell periodic CSI reporting from a UE in the same subframe.
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