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1 Introduction

Due to the transmission of UCI in the UL of a single UE-specific Primary cell (Pcell), substantially larger CSI payloads need to be supported in Rel.10 than in Rel.8. The following was agreed in RAN1#58bis and two approaches were identified to support higher CSI payloads than in Rel.8:
· Periodic CSI reporting for up to 5 DL CC supported

· Semi-statically mapped onto one UE specific UL CC

· Following Rel.8 principles for CQI/PMI/RI

· Consider ways to reduce reporting overhead, e.g. DL CC cycling

· Consider ways to support extending CSI payload
In RAN1#61bis, the following was agreed as baseline:

· For periodic CQI/PMI/RI reporting for CA, at least configuration of different (in time) PUCCH resources for reports for each CC is supported. 

· Additional possibilities are FFS until RAN1#62.

This contribution evaluates and analyzes the trade-offs between the two alternatives from RAN1#58bis. It is demonstrated that a PUCCH format based on the PUSCH structure (periodic PUSCH) provides substantial benefits over having separate CSI reports over different (in time) PUCCH resources while it uses existing structures and therefore requires little/no additional implementation or specification complexity.  

2 Different PUCCH Resources vs. Periodic PUSCH
As PUCCH formats 2/2a/2b can support a maximum of ~10 CSI information bits with reasonable code rate (less than or equal to 1/2), they are inadequate for moderate/large CSI payloads. The options of configuring different PUCCH resources (in the time domain) versus using periodic PUSCH for CQI/PMI/RI reporting in support of CA are subsequently compared in terms of operational flexibility, overhead, and performance.
2.1 Operational Flexibility
Collisions among CQI/PMI/RI Reports for Different Cells

For periodic CQI/PMI/RI reporting, the main advantage of using different PUCCH resources in time is the flexibility in selecting the CQI/PMI/RI reporting period 
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 for each cell [1]. Such flexibility can be argued to be beneficial for the Pcell relative to the Scells but little/no motivation appears for also having this flexibility among Scells. 
In an FDD system, the eNodeB will be tasked to minimize/avoid collisions among CQI/PMI/RI reports. If the period of the CQI/PMI/RI reports is the same and is also larger than the number of active cells (or configured cells), avoiding collisions is easy by assigning different offsets for the TDM reports. However, this requires that the smallest reporting period of 
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 is not used with CA because even though collisions of CQI/PMI reports can be avoided, it is certain that collisions with RI reports will occur. Moreover, even the relatively moderate reporting period of 
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 cannot be supported if the number of active cells (or configured cells) is large as collisions among CQI/PMI reports and RI reports should be minimized to avoid excessive drops. 
Therefore, the Rel.8 simplicity of assigning one offset for CQI/PMI reporting and another offset for RI reporting while practically avoiding collisions will no longer hold for 
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 and a relatively large number of active cells. Even for 
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, the task of the NodeB to avoid collisions is complex especially if the CQI/PMI and RI reporting periods among cells are different (which is the main advantage for configuring different PUCCH resources in time). Resorting to triggered CSI reporting in the PUSCH to avoid collisions is naturally an available fall-back mechanism, but its frequent reliance results to a poor use of PDCCH and PUSCH/PUCCH resources.    
Consequently, configuring different PUCCH resources in time for CQI/PMI/RI reporting from different cells introduces restrictions in the CQI/PMI/RI reporting periods, to the loss of DL throughout and operational flexibility, and complicates the eNodeB scheduler operation. This problem is further exacerbated as the eNodeB needs to re-configure the CQI/PMI/RI report periods as cells become active or inactive and error cases will arise if the respective PDCCH/PDSCH are missed. A possibility is to follow the same approach as for the HARQ-ACK and have the reports for all configured cells, regardless of their active/inactive status. However, this can introduce substantial unnecessary overhead (e.g. when the UE has many cells configured but only the Pcell is active). 
In a TDD system, configuring different PUCCH resources in time for CQI/PMI/RI reporting from different cells becomes simply infeasible (considering that PUCCH transmissions occur only in the Pcell). For example TDD configurations 1-5 have 1-4 UL sub-frames per frame and, for most of the configurations, not even a CQI/PMI/RI reporting period of 20 msec would be long enough to avoid certain collisions. 
Conversely, using a periodic PUSCH transmission to support the large CQI/PMI/RI payloads occurring with CA, the Rel.8 configuration of CQI/PMI and RI reporting periods are maintained without changes and obviously the eNodeB scheduler is provided the CQI/PMI and RI reports from different cells at the same time. 
Observation 1: Configuring different PUCCH resources in time for periodic CQI/PMI/RI reports requires restrictions for a FDD system, reducing DL throughput and complicating eNodeB scheduler operation, and is not often possible for a TDD system. Using PUSCH resources avoids these issues and maintains Rel.8 functionality.
Collisions among CQI/PMI/RI Reports and HARQ-ACK/SR/SRS Transmissions
In addition to collisions among CQI/PMI/RI reports for different cells, collisions with HARQ-ACK, SR, and SRS transmissions will also occur. Collisions with HARQ-ACK transmissions are the most serious ones since multiplexing moderate/large HARQ-ACK payloads in PUCCH Format 2 (or multiplexing CQI payloads in PUCCH Format 3) through joint coding will create substantial BLER degradation for both CQI and HARQ-ACK. Also, new transmitter and receiver structures and additional specifications will be needed. Consequently, the CQI/PMI/RI report will have to be dropped. Then, the circular problem occurs where a UE requiring frequent PDSCH scheduling needs to transmit frequent CQI/PMI/RI reports but this is not possible due to collisions with HARQ-ACK feedback in response to the PDSCH receptions. 
Collisions between SR and CQI/PMI/RI reports are not very problematic as the SR is only 1 bit and can be jointly coded with the CQI/PMI/RI report (as for the HARQ-ACK and CQI/PMI joint coding for extended CP in Rel.8) or modulate the RS of PUCCH Format 2 (as for the HARQ-ACK multiplexing in PUCCH Format 2 for normal CP in Rel.8). Collisions between SRS and CQI/PMI/RI reports are also not very problematic as puncturing of the last symbol can be introduced (as for the HARQ-ACK in Rel.8) or simultaneous SRS and CQI/PMI/RI transmission may be supported; nevertheless, there will be some performance loss (e.g. 0.4-0.6 dB depending on the code rate, the UE speeds, and on normal/extended CP). Again, managing such collisions for a TDD system is practically impossible.   
Conversely, using a periodic PUSCH transmission to support the large CQI/PMI/RI payloads occurring with CA, the Rel.8 conditions for possible collisions of CQI/PMI/RI transmissions with HARQ-ACK/SR/SRS transmissions are again applicable. For the SR and the SRS, collisions can be avoided by assigning different offsets and/or periods. For the HARQ-ACK, the Rel.8 multiplexing in the PUSCH can apply. 

Observation 2: Configuring different PUCCH resources in time for CQI/PMI/RI reports will result to certain collisions with HARQ-ACK and to likely suspensions of CQI/PMI/RI causing DL throughput loss. Collisions with SR and SRS will also occur and cause performance loss. Using PUSCH resources can avoid collisions among CQI/PMI/RI and SRS/SR (as in Rel.8) and HARQ-ACK can be multiplexed in the PUSCH (as in Rel.8).
eNodeB Scheduler Operation and UE Power Consumption
By configuring different PUCCH resources in time for CQI/PMI/RI reports from different cells, the eNodeB will not have simultaneously available all CQI/PMI/RI reports, leading to DL throughput loss particularly since the CQI/PMI/RI reporting periods need to be relatively long. Moreover, UE DTX will be substantially reduced or even eliminated especially for a large number of active cells even if the CQI/PMI/RI reporting period is long. The availability at the eNodeB of the CSI report from all eNodeB antennas at the same time together with the UE DRX issues were the determining factors for the decision to confine the CSI-RS in one sub-frame despite the substantial PDSCH performance loss this creates. Note that these factors are even more pronounced in case of CQI/PMI/RI reports using different PUCCH resources in time for CA with 3 or more active cells. 
It is also noted that RAN2 decided to maintain activation/deactivation of Scells to improve UE battery consumption. Although the time-scale for cell activation/deactivation is different than that of UE DRX with CQI/PMI/RI reporting, the average impact on UE power consumption is similar. 

Conversely, using a periodic PUSCH transmission to support the large CQI/PMI/RI payloads occurring with CA, the reports from all cells are simultaneously available at the eNodeB (full CQI/PMI/RI report) and the UE needs to transmit only once, per reporting period, as in Rel.8.

Observation 3: UE power consumption and eNodeB scheduler operation are adversely affected from configuring different PUCCH resources in time for CQI/PMI/RI reports from different cells. Using periodic PUSCH offers simultaneous CQI/PMI/RI reports from different cells to the eNodeB and minimizes UE power consumption.
2.2 Overhead and Performance

Overhead
While PUCCH Format 2 is suitable for CQI/PMI/RI reporting from a single-cell, the overhead increases linearly with the number of cells. Without considering interference issues which may limit performance in the PUCCH (as multiple UEs transmit in 1 PRB), for the maximum of 5 cells, the CQI/PMI overhead is about 1 PRB and the total payload for code rate 1/2 is 50 bits. Conversely, using periodic PUSCH, QPSK, and code rate 1/2, 1 PRB can support a payload of 144 bits. Alternatively, periodic PUSCH can support a payload of 50 bits and code rate 1/2 with about 1/3 the overhead required in the PUCCH. 
Minimization of the PUCCH overhead is always an objective, but its importance is more significant in case of CA as UEs will transmit all UCI in the Pcell. Although the eNodeB can distribute the Pcell allocation among UEs to balance the PUCCH overhead, this may not always be preferable without assigning UEs in cells with worse channel conditions (e.g. het-nets, inter-band operation, etc.). 

Observation 4: Using periodic PUSCH results to less overhead than configuring different PUCCH resources in time for CQI/PMI/RI reports from different cells.
Performance
In terms of performance, some analysis is first considered and results are subsequently given. First, the PUCCH Format 2 design based on the punctured (32, O) RM code does not fully exploit frequency diversity. Second, the coding gain is limited as the supported payloads are small. Both of these shortcomings are avoided using TBCC in the PUSCH. Moreover, relatively large CQI/PMI/RI payloads (combined for multiple cells) may also be protected by CRC (and the eNodeB can discard, instead of using, erroneous reports). Figure 1 shows the CQI BLER using PUCCH format 2 for 10 bits and using PUSCH with TBCC for 40 and 50 bits. It is observed that using the PUSCH with TBCC offers substantial gains which exceed 4 dB at BLERs around 1%. 
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Figure 1: CQI BLER in PUCCH and PUSCH for Various Payloads.
Observation 5: Using periodic PUSCH provides substantial performance gains compared to configuring different PUCCH resources in time for CQI/PMI/RI reports from different cells.
As TBCC should be used for CQI/PMI/RI transmission in the PUSCH, TDM-based multiplexing is preferable. CDM-based multiplexing using block-spread DFT-S-OFDM is not appropriate as it is typically not possible to have the same information per symbol in order to apply CDM in the time domain. With TDM, UEs can be allocated either one half of each slot per sub-frame (capacity of 2 UEs per PRB) or only one half of each slot (capacity of 4 UEs per PRB). Considering the existence of SRS transmissions, the maximum multiplexing capacity is similar to that for CDM-based multiplexing (4 vs. 5 UEs) and moderate/high UE speeds can also be supported without loss of any orthogonality. 

As the main overhead and performance benefits from periodic PUSCH for CQI/PMI/RI reporting occur when a UE has 3 or more active cells and since most limitations and drawbacks from configuring different PUCCH resources in time apply when a UE has configured 3 or more active cells, periodic PUSCH should be used in that case while PUCCH Format 2 can be used if the number of active cells is 1 or 2. 
Having different reporting periods for different cells is possible when both periodic PUSCH and PUCCH Format 2 are used. For example, PUCCH Format 2 can be used for the Pcell while periodic PUSCH can be used for Scells. Also, both periodic PUSCH and PUCCH Format 2 can be used for the same cell. For example, if the CQI/PMI/RI reporting period for the Pcell is twice that for the Scells, the CSI/PMI/RI report for the Pcell is with PUCCH Format 2 at the first instance and, together with the reports for the Scells in the periodic PUSCH at the second instance. However, it is again noted that the use of periodic PUSCH is the only functional choice for many TDD configurations. 

Proposal: Periodic CQI/PMI/RI reports should be supported both by configuring different PUCCH resources in time and by periodic PUSCH. 

3 Conclusions
This contribution considered the issues regarding the support of periodic CQI/PMI/RI reports in support of CA and the relative attributes for the choices of configuring different PUCCH resources in time and of using periodic PUSCH. It has been demonstrated that, for all possible design considerations, the use of periodic PUSCH is definitively superior to configuring different PUCCH resource in time, especially as the number of active cells increases. Moreover, for TDD systems, the use of periodic PUSCH is the only functional option.
Proposal: Periodic CQI/PMI/RI reports should be supported both by configuring different PUCCH resources in time and by periodic PUSCH. 
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