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1
Introduction
The Work Item ”LTE Carrier Aggregation Enhancement Beyond 5 Carriers” (approved in [1]) targets at enhancing carrier aggregation framework to support up to 32 component carriers. One part of the approved WID tasks 3GPP to work on enhancements to Uplink Control Signaling (UCI) (highlighted part below):
2. Specify necessary mechanisms to enable the LTE carrier aggregation of up to 32 component carriers for the DL and UL, including:
· Enhancements to DL control signalling for up to 32 component carriers including both self-scheduling and cross-carrier scheduling, if any [RAN1]
· Enhancements to UL control signalling for up to 32 component carriers [RAN1]
· Enhancements to support UCI feedback on PUCCH for up to 32 DL carriers
· Specify the necessary enhancements to UCI signalling formats to support UCI feedback for up to 32 DL carriers 
· Enhancements to support UCI feedback on PUSCH for up to 32 DL carriers
· Higher layer enhancements for a UE to aggregate up to 32 component carriers, if identified [RAN2]

In RAN1#81 several agreements and working assumptions were made and captured into the meeting minutes:

Agreements:
· For a PUCCH CG, At least the following enhancements to Periodic CSI reporting on PUCCH are specified in order to reduce periodic CSI report dropping probability

· Multiplexing of periodic CSI reports corresponding to multiple serving cells in a subframe 

· Multiplexing of periodic CSI reports corresponding to multiple serving cells with HARQ-ACK feedback in a subframe 

Working assumptions:
· To improve the flexibility of aperiodic CSI triggering in Rel-13 CA, at least it is supported to increase the number of aperiodic CSI sets compared to Rel-12 CA
· This does not imply that increased number of CSI request bits is necessary
· If the UE is configured with PUCCH on Scell, the above enhancement can be applied per PUCCH CG. 

· Further details is FFS

As the number of aggregated carriers increases, several L1 design aspects need to be reconsidered, especially related to UCI transmission. One such aspect is CSI reporting, where larger number of supported DL carriers becomes a challenge. In this contribution we discuss the implications an increased number of carriers has on CSI feedback.
2
CSI reporting enhancements in LTE Release 13
2.1 Periodic CSI reporting on PUCCH

Periodic CSI reporting on PUCCH has been often assumed to be the fundamental mode of providing eNodeB information on the UEs’ channel conditions. Based on the rather frequent periodic CSI reports the eNodeB can make the decision on which UEs to schedule and, if needed, request the UE to provide a more elaborate Aperiodic CSI reports on need basis. 
In Rel-10 the CA was primarily optimized for two CCs and it was seen as sufficient to not allow for multiplexing of periodic CSI reports for multiple CCs in one subframe. Instead, in case of a collision the agreement is to drop all reports but one according to a predefined priority order.  However, with an increased number of carriers this approach becomes very ineffective, and hence it was agreed in RAN1 to support multiplexing of periodic CSI reports corresponding to multiple serving cells in a subframe.
The new, larger PUCCH format(s) primarily targeting larger HARQ-ACK payload sizes are currently studied as part of the WI. It has already been agreed that the new PUCCH format(s) shall be capable of carrying at least 128 ACK/NACK bits (for TDD), meaning that there is reasonably high capacity for periodic CSI feedback available.
On the other hand, one needs to carefully consider the coverage aspects as well. One cannot assume that UE is always able to feedback large PUCCH reports, even if the PUCCH format as such would allow for it. Hence we see a need for a configurable cap, i.e. upper bound, for the UCI, i.e. CSI or CSI + HARQ-ACK + SR payload size on PUCCH, that the UE shall not exceed; instead some of the CSI may be dropped according to a given criteria to ensure the coverage can be guaranteed. This is particularly important when CSI is multiplexed with HARQ-ACKs to protect the HARQ-ACK coverage. Having the support for the configurable maximum payload for CSI (+HARQ-ACK & SR) on PUCCH allows the network to optimize periodic CSI reporting configuration for various types of network deployments, meeting the requirements set of coverage. The exact UCI cap definition, as well as the criteria for CSI dropping, is FFS. 
Proposal #1: Introduce a configurable cap (i.e. upper bound) for the UCI (CSI or CSI+HARQ-ACK and/or SR) payload size on PUCCH. In case the cap would be exceeded, some of the CSI is dropped according to a predetermined criteria (details FFS) 
2.2 Aperiodic CSI reporting on PUSCH
Considering the increased number of supported carriers (i.e. 32 CCs), the current A-CSI triggering mechanism proves to be clearly insufficient:

· Explicit RRC configuration of reported carriers is impractical when the number of CCs is higher than 5 (up to 32 according to the current WI). This is due to the reason that in practice the payload of Aperiodic CSI reports cannot be more than a few hundred bits, or otherwise the coverage of the reports is severely compromised (as can be seen in Figure 1 below). Therefore, one A-CSI report cannot include the detailed, frequency selective CSI for more than a few carriers.  


· Implicit indication of the reported carrier (codepoint ‘01’) is also suboptimal, since it provides feedback for one CC only, which is clearly insufficient when the number of carriers is increased up to 32.
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Figure 1. The performance of CSI feedback with varying payload sizes and bandwidths
Therefore, there is a clear call for enhancing the flexibility of Aperiodic CSI reporting and especially the triggering mechanisms to ensure that the eNodeB has means to obtain CSI necessary for Carrier Aggregation with up to 32 CCs. The enhancement should be flexible enough to support desired trade-off between CSI accuracy (impacting DL throughput) and CSI feedback burden (impacting UL capacity/coverage) in various deployment scenarios (such as LTE LAA) having different number of DL/UL component carriers configured (and/or activated). The agreement from RAN1#81 also reflects this (“To improve the flexibility of aperiodic CSI triggering in Rel-13 CA, at least it is supported to increase the number of aperiodic CSI sets compared to Rel-12”)
With an increased number of supported DL carriers, the coverage of the Aperiodic CSI reporting becomes a bottleneck [2]. According to the current A-CSI reporting framework, one A-CSI reporting mode is configured for each CC semi-statically. Given the large payload size of current-A-CSI reporting modes, it becomes challenging to obtain A-CSI for all CCs. One simple improvement to the current situation would be to define one or more new, compact, A-CSI reporting modes (e.g. similar to current periodic wideband CSI reporting modes 1-0 and 1-1). This allows for keeping the CSI payload manageable, while still being able to obtain A-CSI for a large number of carriers
Proposal # 2: Define new wideband A-CSI reporting modes similar to the periodic CSI reporting modes 1-0 and 1-1.
On the other hand, the need for detailed, frequency selective CSI feedback remains also with an increased number of carriers. Therefore, introduction of wideband CSI is not alone a sufficient enhancement to CSI reporting for up to 32 CCs, but as agreed in RAN1#81, “at least it is supported to increase the number of aperiodic CSI sets compared to Rel-12 CA”. 
The number of CSI reporting set could be increased in two basic ways:

- Adding more bits to A-CSI trigger

- Introducing a dependency between the DL carrier where the trigger comes from, and the reported carriers  

While increasing the number of A-CSI request bits could be seen as a straight forward option, the drawback is the increased UL grant size. When considering up to 32 CCs, it is not even clear if one additional bit would be enough, or if the size of the A-CSI trigger should be increased by two or three bits. On the other hand, in cases with e.g. 5-10 CC, fewer bits would suffice, complicating the design. 

The latter option has the benefit that UL grant does not need to me modified, and the number of Aperiodic CSI sets scales inherently according to the number of configured DL CCs. We see this as a more promising option. 
Proposal # 3: The number Aperiodic CSI sets is increased without adding new bits into the UL grant. The reported A-CSI set depends on the DL CC which carries the A-CSI trigger. 
In the current LTE CA, the A-CSI reporting mode is semi-statically assigned for each carrier and cannot easily be changed. We see that limitation becomes rather restrictive when the number of CCs increases up to 32, and the A-CSI feedback overhead becomes more of a concern. Specifically, semi-static allocation of the A-CSI reporting mode makes it impractical to utilize wideband A-CSI reports. One effective way to reduce the amount of CSI feedback would be to facilitate dynamic switching between the aforementioned wideband A-CSI reports, and the frequency selective “legacy” A-CSI reporting modes.  

Proposal #4: Allow for dynamic switching between A-CSI reporting modes.
3
Conclusion
In this contribution we have discussed the implications that increased number of aggregated carriers has on CSI reporting. We make the following proposals:
Proposal #1: Introduce a configurable cap (i.e. upper bound) for the UCI (CSI or CSI+HARQ-ACK and/or SR) payload size on PUCCH. In case the cap would be exceeded, some of the CSI is dropped according to a predetermined criteria (details FFS) 
Proposal #2: Define new wideband A-CSI reporting modes similar to the periodic CSI reporting modes 1-0 and 1-1.
Proposal #3: The number Aperiodic CSI sets is increased without adding new bits into the UL grant. The reported A-CSI set depends on the DL CC which carries the A-CSI trigger. 
Proposal #4: Allow for dynamic switching between A-CSI reporting modes.
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