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1
Introduction
In RAN1#62 an extension of Rel-8 PUCCH Mode 2-1 was included as a candidate scheme for adoption in Rel-10.  A more concrete proposal, co-sourced by 13 companies, was brought forward at the last meeting which clarified some the remaining design aspects [1].  In this contribution, as a supporting company of this way forward, we discuss these design considerations in more detail and present performance analyses to corroborate the proposal.  The following points summarize the remaining design aspects: 

1. Design of subband PMI/CQI reports 
· Alt-1: Avoid codebook subsampling through predefined cycling instead of UE-subband selection
· Alt-2: Keep UE subband selection but perform codebook subsampling to accommodate subband indication
2. Minimum PTI Reporting Periodicity
· Address testability concerns and possible error propagation

3. Feedback Periodicities for Report 2 and 3
· Specify remaining details
In this contribution we focus on the first design issue of subband PMI/CQI reporting and present system-level evaluations that illustrate the benefits of Alt-1 as shown above.  The simulation results further demonstrate the usefulness of Mode 2-1 by comparing it to the case of wideband-feedback only.  The remaining design details are discussed in a companion paper [2].  Design details on PUCCH Mode 1-1 are discussed in a separate contribution [3].
2
Remaining Details of PUCCH Mode 2-1 Design
Extending the Rel-8 PUCCH Mode 2-1 to Rel-10 is beneficial in some scenarios and has the potential to provide significant performance gains in the order of 15% spectral efficiency gain on average. Some changes to the Rel-8 operation are necessary, however, to address the case of 8Tx MIMO operation as well as to address the increased focus on MU-MIMO which has become a key design consideration in Rel-10. It is our view that this shift in focus should be reflected in the feedback design to arrive at a solution that will be extensible to further refinements in future releases. 

2.1 
Design of subband PMI/CQI reports
The design of subband PMI/CQI reports for Mode 2-1 is important as a straightforward extension of the Rel-8 operation exceeds the maximum of 11bits payload in some scenarios. Essentially, two alternatives can be considered for reducing the feedback payload: 

· Alt-1: Avoid codebook subsampling through predefined cycling instead of UE-subband selection
· Alt-2: Keep UE subband selection but perform codebook subsampling to accommodate subband indication
In the first alterative, codebook subsampling is completely avoided by removing the L-bit subband indication that encodes which subband out of a bandwidth part is fed back by the UE. In the second alternative, the L-bit label is kept, but the codebook itself is subsampled to reduce the number of bits necessary for carrying the PMI. It should be noted that for the second alternative subsampling is only necessary for rank-2 reports as otherwise the payload is still below the maximum payload of 11bits. 
The benefit of Alt-1 over Alt-2 is that no codebook subsampling is needed, thereby not only avoiding a potentially significant performance loss but also the standardization effort associated with agreeing on a specific subsampling.  Instead, by departing from the concept of UE subband selection, subsampling can be avoided with minimal specification change.  Specifically, since Rel-8 PUCCH Mode 2-1 already performs predefined cycling across bandwidth parts, adding the notion of predefined cycling within a bandwidth part is a straightforward change. 
To illustrate this concept further, Figures 1 and 2 provide examples of the two subband reporting options.  Specifically, Figure 1 corresponds to the Rel-8 operation in which the subband reports cycle across bandwidth parts and in each cycle pick the preferred subband per bandwidth part to report.  A wideband report is sent after each cycle across bandwidth parts.  In contrast, Figure 2 shows the predefined cycling within bandwidth parts that avoids the UE subband selection and therefore obviates the need for the L-bit indication in the report. The cycling across bandwidth parts is identical in the proposed scenario but the selection of which subband to report per bandwidth part now follows a predefined pattern, for example picking the first subband per bandwidth part in the first cycle, the second one in the second cycle, etc. 
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	Figure 1: Illustration of Rel-8 PUCCH Mode 2-1 operation
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	Figure 2: Illustration of predefined subband cycling per bandwidth part


Some concerns were raised that following the above predefined subband cycling may lead to noticeable performance loss, as the reporting time from the perspective of the UE’s “best” subband increases (clearly, all subbands will have roughly the same reporting time for predefined cycling).  This is indeed a valid point and may lead to minor performance loss in pure SU-MIMO operation, which is in the order of 1-2% according to our evaluations (cf. Sec. 3).  For MU-MIMO operation, however, predefined cycling has benefits over UE subband selection as it provides regular feedback of all subbands and not only a few UE-chosen ones.  In fact, in the UE selection case, the task of UE pairing may be significantly complicated due to the fact that only certain selected subbands are known with good accuracy at the scheduler. Predefined cycling avoids this complication by feeding back all subbands with almost uniform periodicity which has advantages in the low mobility scenarios that MU-MIMO and PUCCH Mode 2-1 target. 

Another potential solution to accommodate subband PMI/CQI information is to increase the subband granularity such that it corresponds to the size of a bandwidth part [4].  In this case, cycling is solely carried out across bandwidth parts. While this proposal may show some benefits in channels with small frequency selectivity, it is our view that the Rel-8 frequency granularity should be kept as it may be more appropriate for channels encounter in practice. 
Based on the above discussion and corroborated by the performance results in Sec. 3, we summarize: 

Proposal 1: Proposed design of subband PMI/CQI reports
· Perform cycling through consecutive bandwidth parts, as in Rel-8

· Subband CQI and W2 reporting should be based on predefined cycling within each bandwidth part
· Deterministic sequence of subband index is used within each bandwidth part
· No subsampling of W2 is necessary
· Subband size and bandwidth part size are kept same as in Rel-8

2.2
Remaining design aspects

In addition to the subband PMI/CQI design issue, there are a few open details relating to feedback periodicities of PTI and of Reports 2 and 3, respectively.  These topics were already addressed in the previous way forward and proposals on how to finalize them were made [5]. 
Specifically, the minimum PTI=0 reporting periodicity addresses some concerns on leaving the reporting period of PTI=0 completely up to the UE.  In particular, some concern was raised that this may complicate testing and lead to an increased potential for error propagation.  In order to address this issue [5] proposed to support a minimum PTI=0 reporting periodicity, configured by higher layers.  In this way an adequate periodicity of PTI=0 reports can be ensured, avoiding or at least mitigating this issue.  Further details on this configuration are addressed in a companion paper [2]. 

Another remaining design issue relates to the frequency of Reports 2 and 3 for PUCCH 2-1.  In extending this Mode 2-1, it may turn out to be beneficial to support different feedback periodicity ratios between Reports 2 and 3 in case PTI=0 is reported.  Further details on the proposed configurations are again addressed in a companion paper [2]. 
3 
System-Level Performance Evaluation
In this section, we present the results of system-level performance evaluations that corroborate the proposals made in previous sections.  Specifically, our quantitative analyses have focused on demonstrating the performance gain of PUCCH Mode 2-1 over wideband-reporting only, as well as a comparison between the two design alternatives listed in Section 2.1.  Simulation assumptions are consistent with the agreed evaluation methodology [7] and are listed in the appendix.
3.1 
Comparison of Subband PMI/CQI Reporting Alternatives 
The comparison between different subband PMI/CQI reporting proposals focuses on the two alternatives mentioned in Sec. 2.1.  Specifically, we consider the case of Alt-1 in which predefined cycling per bandwidth part is adopted and therefore no L-bit subband indicator exists and no subsampling is necessary.  This alternatives is compared to the case in which UE subband selection is performed and the codebook is subsampled for rank>1 reports to accommodate the L-bit indicator. In the simulations the subsampling was carried out in the same way as listed in [8]. 

The results are shown in Table 1 for SU-MIMO and MU-MIMO operation separately.  We can see that even with subsampling, Alt-2 achieves a small gain compared to Alt-1 although it is less than 2%.  For MU-MIMO there is no noticeable performance difference between Alt-1 and Alt-2. 
According to our performance results, the subsampling of the rank-2 reports does not lead to a noticeable performance degradation for Alt-2, since the set of retained codebooks is chosen well-aligned with the channel model.  We would like to note, however, that this may not be representative for channels typically encountered in practice.  To solidify this point we show the performance of the schemes in an uncorrelated TU channel in Table 2.  From the results it is clear that subsampling the rank-2 codebook hurts performance much more in this case and Alt-2 actually falls behind the performance of Alt-1, for SU-MIMO.  

Further, we would like to note that the concept of UE subband selection is very much linked to SU-MIMO.  In MU-MIMO operation, since UEs report different subbands per bandwidth part, the task of UE-pairing is impacted.  As a result, it seems that Alt-1 is a more future proof design that can be more readily adapted to further MU-MIMO specific enhancements or CoMP operation in future releases

3.2 
Performance Gain over Wideband-Only Reporting

The specification of Mode 2-1 in Rel-10 is supported through significant gains over wideband-only reporting. Clearly, the gains of subband PMI/CQI reporting over the wideband Mode 1-1 is most pronounced in low mobility scenarios.  It is our view that optimizing performance for such scenarios is an important design aspect, and also represents a typical scenario in which MU-MIMO performance gains will be most pronounced.  
The gains over wideband-only reporting are shown in Table 1 and are in the order of 15% which, in our view, is significant enough to motivate the support of PUCCH Mode 2-1. For reference, the table also includes performance numbers for full subband PMI/CQI reporting in every reporting interval, to put the gains of PUCCH Mode 2-1 in perspective.  
Table 1: Comparison of Subband PMI/CQI Reporting Alternatives (4Tx SCM-E ULA HS)
	Reporting method
	SU-MIMO
	MU-MIMO

	
	Average cell spectral efficiency [bps/Hz]
	Cell-edge UE spectral efficiency [bps/Hz]
	Average cell spectral efficiency [bps/Hz]
	Cell-edge UE spectral efficiency [bps/Hz]

	Mode 2-1, Alt-1
(predefined cycling, no subsampling)
	2.771
	0.1109
	2.897
	0.1051

	Mode 2-1, Alt-2
(UE SB selection, W2 subsampled)
	2.822
	+1.8%
	0.1154
	+4.1%
	2.901
	+0.1%
	0.1079
	+2.7%

	Wideband PMI/CQI Feedback only 
	2.428
	-12.4%
	0.0982
	-11.5%
	2.666
	-8.0%
	0.0931
	-11.4%

	Full PMI/CQI feedback
	2.876
	+3.9%
	0.1177
	+6.1%
	3.076
	+6.1%
	0.1145
	+8.9%


Table 2: Comparison of Subband PMI/CQI Reporting Alternatives (4Tx uncorrelated TU channel)
	Reporting method
	SU-MIMO

	
	Average cell spectral efficiency [bps/Hz]
	Cell-edge UE spectral efficiency [bps/Hz]

	Mode 2-1, Alt-1
(predefined cycling, no subsampling)
	2.516
	0.0790

	Mode 2-1, Alt-2
(UE SB selection, W2 not subsampled)
	2.588
	+2.9%
	0.0819
	+3.7%

	Mode 2-1, Alt-2
(UE SB selection, W2 subsampled)
	2.499
	-0.7%
	0.0831
	+5.2%

	Wideband PMI/CQI Feedback only 
	2.093
	-16.8%
	0.0632
	-20.0%

	Full PMI/CQI feedback
	2.715
	+7.9%
	0.0876
	+10.9%


4 
Conclusions

In this contribution, we have presented our views on extending Rel-8 PUCCH Mode 2-1 and corroborated our position with system-level performance evaluations. Our proposals can be summarized as follows: 

· Design of subband PMI/CQI reports
· Perform cycling through consecutive bandwidth parts, as in Rel-8

· Subband CQI and W2 reporting should be based on predefined cycling within each bandwidth part

· Deterministic sequence of subband index is used within each bandwidth part

· No subsampling of W2 is necessary

· Subband size and bandwidth part size are kept same as in Rel-8
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Appendix

The simulation assumptions are consistent with the agreed framework in [7]. Other simulation assumptions are listed in Table 3 below. 
Table 3: Simulation assumptions

	Parameter
	Value

	Transmission Bandwidth
	10 MHz

	Channel Model
	3GPP Case 1, SCM-E High Spread

	Antenna configuration
	ULA, 0.5λ, vertically polarized

Uncorrelated TU

	Number of UEs per cell
	10

	Number of Tx antennas
	4

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE modeled

	Channel estimation
	Non-ideal

	Allocation Size 
	Adaptive

	Rank selection
	Adaptive

	CQI/Precoding feedback period
	2 ms

	Feedback subband size
	6 RBs

	Number of bandwidth parts
	3

	Feedback error
	Not modeled

	Frequency sensitive scheduling
	Yes

	Scheduling fairness
	Proportional fair

	Interference Estimation
	No interference covariance knowledge is assumed

	HARQ target
	10% BLER after 1st transmission

	Maximum number of retransmissions
	4
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