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1. Introduction

A Rel-10 CA-configured UE independently reports CSI for each configured DL serving cell. In particular, the UE is configured with separate periodicities and subframe offsets for CSI reporting of each serving cell. In the event of a collision in the same subframe between the CSI reports for different cells, all but one CSI report is dropped according to a priority order based on, first, the PUCCH reporting type and then the lowest serving cell index amongst colliding reports [1]. This solution was judged to be sufficient at the time because a Rel-10 UE supports a maximum of two DL serving cells and the risk of collision can be minimized or eliminated through eNB implementation. It is assumed that in future releases a UE could be configured with up to five DL serving cells, which dramatically increases the collision probability of CSI reports. This could lead to a loss in DL throughput due to outdated CSI at the eNB scheduler. This contribution investigates proposed enhancements to periodic CSI reporting in CA within the scope of the CA WI. In addition we also consider the twin issue of multiplexing periodic CSI and HARQ-ACK signalling on the PUCCH.

2. Rel-10 Multi-cell CSI Feedback
Rel-10 multi-cell CSI feedback transmission is based on the Rel-8 scheme. For the general case where wideband and subband CSI reporting are configured the CQI/PMI reporting instances are, respectively, the subframes satisfying 
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when PTI is not transmitted or the most recent value was equal to 1, or 
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which is signaled by higher layers when the most recently transmitted PTI = 0 [1]. 
· Npd, and NOFFSET, CQI are, respectively, the CQI/PMI periodicity and subframe offset.
· MRI and NOFFSET, RI are, respectively, the relative rank periodicity and subframe offset with respect to CQI/PMI reporting.

The value ranges for these parameters are given in [1] for both FDD and TDD. To simplify analysis of collision events, the same reporting periodicity is assumed across all configured cells (i.e. roughly the same Doppler frequency across all CCs). 
1) FDD: for any number of configured cells, denoted as Ncells, the minimum CQI/PMI periodicity is Npd ≥ Ncells to avoid collisions. This is sufficient if RI reporting is not configured. When RI is configured Npd must be increased to avoid dropping of CQI/PMI reports. 

a. Example: Ncells = 5, Npd = 5, MRI = 4 across all cells (i.e. 20ms periodicity for RI reporting). There is a 25% average dropping rate per cell because CQI/PMI is dropped in case of collision of CQI/PMI and RI according to Rel-10 specification. This is not considered to be a severe problem for low speed UEs. Moreover, the dropping rate can be avoided using higher values of Npd (e.g. Npd = 10, MRI = 2). 
i. When both wideband and subband CQI reporting is configured the dropping rate remains the same but the impact is different. Typically the RI is reported before CQI reporting since the CQI/PMI values are conditioned on the last reported RI. Therefore, if one CQI/PMI is dropped it most likely is the wideband value which is not desirable. 
2) TDD: for TDD the problem is exacerbated because not every subframe is configured for UL transmission. There is a non-zero dropping rate for Ncells = 5, Npd = 5 with all UL-DL configurations with/without RI reporting. Therefore, the dropping rate is now a function of the UL-DL configuration, the number of serving cells and whether or not RI is reported. More importantly, for UL-limited configurations such as UL-DL configuration 2, 4 and 5 some CSI reports may never get reported for moderate periodicities if the same priority ordering (PUCCH reporting type and serving cell index) is followed.
In general it is clear that the dropping rate is significant especially for TDD systems. To what extent an enhanced scheme is necessary would depend on factors such as:

· System level impact of dropping rate for the Rel-10 scheme

· Specification impact

· Complexity and performance of proposed solution including RAN4 performance requirements.
3. Proposed Rel-11 Multi-cell CSI Feedback
The main design issue for Rel-11 periodic CSI reporting is how to reliably transmit a large payload periodic CSI report. For legacy systems (Rel-8/9/10) a maximum of 11 CSI bits is transmitted on PUCCH Format 2. For 5 serving cells a maximum payload size of 55 bits is required. Furthermore, it is likely that a UE configured for DL CA is scheduled most of the time on the configured cells, which implies that HARQ-ACK signalling is also required most of the time. Therefore, there is a corresponding high likelihood of collision of HARQ-ACK signalling and CSI feedback. In Rel-10 if a CSI report collides with multi-cell HARQ-ACK feedback, the CSI report is dropped. Therefore, a suitably-sized PUCCH container is required which can convey both multi-cell CSI and multi-cell HARQ-ACK feedback. 
3.1. Modified PUCCH Format 3 structures

Reusing PUCCH Format 3 for CSI feedback was discussed during Rel-10 standardization but it was noted that PUCCH Format 3 conveys a maximum of 20~22 information bits using the Rel-10 dual Reed-Muller encoder structure. Some possible variants of the PUCCH Format 3 structure have been proposed to support large payload CSI reports. 
Figure 1 shows one scheme where the spreading factor (SF) is reduced to 2 with 1 reference symbol per slot for normal CP [2]. Each SC-FDMA symbol di consists of 12 QPSK symbols, mapped onto 1 PRB. This gives a 3x increase in the number of coded symbols compared to PUCCH Format 3, i.e., 3 (symbols) * 12 (REs) * 2 (bits/symbols) * 2 (slots) = 144 coded bits per subframe. This provides 72 information bits for a code rate of ½ and a UE multiplexing capacity per PRB of 2.  
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Figure 1 Modified PUCCH Format with SF 2
Figure 2 shows an alternative arrangement where SF = 3 for normal CP [3]. The maximum payload size is: 2 (symbols) * 12 (REs) * 2 (bits/symbols) * 2 (slots) = 96 coded bits per subframe i.e. 48 information bits for code rate of ½. 
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Figure 2 Modified PUCCH Format with SF = 3
Note that there is a tradeoff between the payload size and UE multiplexing capacity between these two schemes. Channel estimation may also be degraded compared to Format 3 because there is only 1 RS per slot. Given the larger payloads offered by these schemes, it is FFS what encoding scheme is used. Possibilities include a new block coding scheme for moderate payloads or tail-biting convolutional coding (TBCC).
3.2. Periodic CSI on PUSCH
A different approach for large payload periodic CSI feedback is to transmit the periodic CSI payload in the PUSCH region as proposed in [4]. To avoid dynamic signalling overhead, the PUSCH resources can be configured by RRC signalling for transmitting all – or a subset – of its configured DL CCs. The advantages of this scheme are

· It is PUSCH-based and no new mechanism is needed from a receiver implementation perspective

· It can use the same PUSCH encoding/decoding structure

· Multi-cell CSI and HARQ-ACK bits can be multiplexed in the same resource allocation

There are also a few limitations including
· It introduces eNB scheduling complexity because, unlike SPS transmission, the eNB must assign PUSCH resources by RRC and a change requires RRC reconfiguration, whereas for SPS an activation/deactivation PDCCH is used.
· Only 1 UE can be multiplexed per PRB if no changes are desired to existing eNB implementation. Alternatively two UEs can be time division multiplexed or code division multiplexed in the same PRB but this scheme becomes a new PUCCH format similarly to the Format 3 based schemes described in the previous sub-section.
In general, conveying the periodic CSI on PUSCH is a good starting point since it fulfills the objective of multiplexing large CSI payload and multi-cell HARQ-ACK bits to support both CA and CoMP. However, it should be noted that aperiodic CSI is already carried on the PUSCH albeit with a much larger payload per serving cell. For example, to support Rel-10 enhanced DL MIMO the maximum CSI payload for an aperiodic CSI report is 68 bits per CC without CRC bits. On the other hand the maximum periodic CSI payload for 5 CCs is 55 bits. Some refinements can be considered for transmitting a large periodic CSI payload on PUSCH. 
Proposal: 

· Consider the introduction of new and smaller CSI reporting modes on PUSCH.
· A UE may be configured to report small CSI payload or large CSI payload per CC on the PUSCH. 
· Periodic and aperiodic CSI transmission can be considered as small and large CSI payloads respectively. 

· Triggering can be done using UL grants for both small and large CSI payloads.

· To reduce DL signaling overhead triggering in DL assignments can be investigated.

· Alternatively, consider reusing aperiodic SRS concept where PUSCH time/frequency resources are RRC configured but CSI reports are only transmitted when a CSI trigger is detected.
3.3. Comparison of proposed multi-cell CSI feedback schemes

The proposed schemes can be compared under the following criteria: performance, complexity, specification and workload impact in RAN 1, 2 and 4, backward compatibility. We also consider the feasibility of multiplexing both CSI and HARQ-ACK feedback in one container in the event of a collision between different UCI types. The worst case scenario would be 10 A/N bits + 55 CSI bits = 65 bits for FDD, and 20 (spatially bundled) A/N bits + 55 CSI bits = 75 bits for TDD. Table 1 gives a preliminary comparison of the proposed CSI Rel-11 CSI feedback schemes primarily for the worst case scenario when a UE is configured with 5 DL cells.
Table 1 Comparison of proposed CSI feedback schemes

	Criterion
	Format 3
	Mod. Format 3, SF=2
	Mod. Format 3,SF=3
	CSI on PUSCH 

(RRC-configured)
	CSI on PUSCH 

(L1-triggered)

	Max. payload (code rate ½)
	22 bits 
	72
	48
	144 (ITBS = 10)
	144 (ITBS = 10)

	Coding scheme
	RM
	New RM, TBCC
	New RM, TBCC
	TBCC
	TBCC

	UE multiplexing capacity (per PRB)
	5
	2
	3
	Similar to PUSCH
	Similar to PUSCH

	Backward compatibility in transmission structure
	Yes
	No, new encoding scheme 
	No, new encoding scheme
	Yes
	Yes

	CSI + HARQ-ACK
	Drop some CSI reports
	Yes. For TDD there is a slight increase in coding rate above 0.5.
	Drop some CSI reports
	Yes
	Yes

	PDCCH requirements
	None
	None
	None
	None
	1. Moderate for configuration in UL grant.
2. Low for RRC-configured and triggering in UL grant and DL assignment

	Change in DCI format
	N/A
	N/A
	N/A
	N/A
	Yes

	Increase in eNB scheduling complexity
	None 
	Low: define new PUCCH region
	Low: define new PUCCH region
	Moderate to high: semi-static PRB allocation on PUSCH which is only changed by RRC reconfiguration
	None to low

	Channel estimation
	N/A
	Possibly worse than Format 3
	Possibly worse than Format 3
	Same as Rel-10 PUSCH
	Same as Rel-10 PUSCH

	RAN 2 impact
	N/A
	New PUCCH configuration
	New PUCCH configuration
	New PUCCH configuration
	New PUCCH configuration only if RRC-configured resources

	RAN4 impact
	N/A
	New performance tests. Risk of IoT bit
	New performance tests. Risk of IoT bit
	Similar requirements to CSI-only on PUSCH
	Similar requirements to CSI-only on PUSCH


4. Conclusion

This contribution investigates the limitations of conveying large payload periodic CSI feedback using the Rel-10 feedback mechanism. For TDD CSI dropping rate significantly increases with the number of configured cells. For FDD collision can be avoided for moderate reporting periodicities only if the same periodicities are used for each cell but this also results in very frequent PUCCH transmissions. A comparison of the proposed enhancements is presented and our observations include:
· Modified PUCCH format 3 schemes introduce new PUCCH requirements and may require new PUCCH encoding schemes.
· Conveying periodic CSI on PUSCH offers the least specification impact and should be further studied for Rel-11. Factors to consider include

· Method of configuration and triggering: RRC and dynamic signalling.

· Use aperiodic CSI transmission in lieu of periodic CSI for high CSI dropping rates.

· Consider CSI on PUSCH as small (periodic) or large payload (aperiodic) for CA-configured UEs. 
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