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1 Introduction
In 3GPP RAN1 #62bis meeting, a lot of progress has been made on the CSI signalling over PUCCH [1]. Three feedback modes have been identified, two modes targeting an extension of Rel. 8 PUCCH 1-1 and one mode targeting an extension of PUCCH 2-1:

1. CSI mode 2 PUCCH 1-1

· Extension of Rel.8 PUCCH Mode 1-1 with W determined from a single sub-frame report conditioned upon the latest RI report in a previous sub-frame

· For each rank, a subset of codebook C1 and/or subset of codebook C2 are used to ensure a total payload size (W1 and W2 and CQI(s)) of at most 11 bits

· For each rank, the subset of C1 and subset of C2 are fixed and hence not configurable

· For each rank, the subset of C1 and the subset of C2 are designed either separately or jointly

· For example: different subsets of possible co-phasing are used for different groups of beam angles

2. CSI mode 1 PUCCH 1-1

· Extension of Rel.8 PUCCH Mode 1-1 with RI and W1 signaled in the same subframe 

· Codebook sub-sampling may be performed depending on the final codebook design (to ensure that the total payload is sufficiently small)

· W is determined from 2-subframe report conditioned upon the latest RI report

· Reporting format

· Report 1: RI and W1, jointly encoded 

· Report 2: wideband CQI and wideband W2 

· If W2 codebook C2 is of size 1, wideband W2 is not signaled
3. CSI mode 1 PUCCH 2-1

· Extension of Rel.8 PUCCH Mode 2-1

· W is determined from 3-subframe report conditioned upon the latest RI report

· Reporting format

· Report 1: RI and 1-bit precoder type indication (PTI)

· Report 2: 

· PTI = 0: W1 will be reported 

· PTI = 1: wideband CQI and wideband W2 will be reported 

· Report 3: 

· PTI = 0: wideband CQI and wideband W2 will be reported 

· PTI = 1: subband CQI, subband W2, 

· Transmission of subband selection indicator versus predefined cycling is FFS

· For 2 and 4 tx, PTI is assumed to be set to 1 and is not signalled

In this contribution, we detail our view on the remaining issues related to PUCCH reporting modes:

1) For PUCCH 1-1, we address the following issues

· 8Tx codebook subsets for W1 and W2

2) For PUCCH 2-1, we address the following issues
· feedback period of wideband feedback and subband feedback
· feedback content of subband feedback (PTI = 1)

· transmission of subband selection indicator versus predefined cycling in subband reporting
1. 4Tx and 8Tx codebook subsets for subband W2

3) How to narrow down the number of PUCCH modes
2 Further Details in CSI Mode 2 (Extension of PUCCH mode 1-1)
In CSI mode 2 PUCCH 1-1, the max payload size for the PMI W should be equal or less than 4 bits for ranks>1 in order to keep a maximum of 11 bits per report. There is no issue for rank 5 to 8 with the agreed 8Tx codebook. For rank 1 to 4, we suggest that the codebook subsets are made such that W is chosen in a 4-bit subset.
There are many ways to define those 4-bit subsets. Table 1 and 2 shows performance of various codebook subsets.
Table 1. 8x2 closely spaced dual-polarized (XXXX->+ channels, 0.5λ antenna spacing, 15º angle spread)
	
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)

	2 bits W1, 2bits W2, column selection for W2
	2.3877
	0.0875

	2 bits W1, 2bits W2, phase selection for W2
	2.262
	0.0759

	3 bits W1, 1bit W2, column selection for W2
	2.4698
	0.0855

	3 bits W1, 1bit W2, phase selection for W2
	2.3906
	0.0863

	4 bits W1, 0bit W2
	2.4565
	0.0816


Table 2. 8x2 closely spaced dual-polarized (||||||||->|| channels, 0.5λ antenna spacing, 15º angle spread)
	
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)

	2 bits W1, 2bits W2, column selection for W2
	2.8653
	0.0754

	2 bits W1, 2bits W2, phase selection for W2
	2.8267
	0.0822

	3 bits W1, 1bit W2, column selection for W2
	2.7523
	0.0887

	3 bits W1, 1bit W2, phase selection for W2
	2.6289
	0.0879

	4 bits W1, 0bit W2
	2.7492
	0.0822


Proposal 1: Out of those evaluations, for CSI Mode 2 PUCCH 1-1, our preference is a 3-bit W1 and 1-bit W2 based on column selection of W2 for rank 1 and 2. For rank 3 and 4, our preference is a 2-bit W1 and 2bit W2. More specifically, here are the indices of the proposed W1 and W2:
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3 Further Details in CSI Mode 1 (Extension of PUCCH mode 2-1)
3.1 Feedback period of wideband W2/CQI and subband W2/CQI 

In the agreed way forward, feedback content between two consecutive RI reports are different depending on the value of PTI. That is,
when PTI = 0:

· Report 2: W1

· Report 3: wideband CQI and wideband W2 
when PTI = 1:

· Report 2: wideband CQI and wideband W2

· Report 3: subband CQI and subband W2.
Accordingly, the relationship between Report 2 and Report 3 will be different depending on the values of PTI. 

When UE is reporting PTI = 1 (relatively low Doppler Shift), the subband W2/CQI reports (Report 3) between two consecutive wideband W2/CQI reports (Report 2) may need to cycle through all the subbands or bandwidth parts. Therefore, we may need to have many PUCCH feedback instance carrying Report 3 (cycling through bandwidth parts) between two consecutive wideband W2/CQI reports (Report 2).

Let NP2 be the period of Report 2 and NP3 be the period of Report 3. Let 

H = NP2 / NP3 + 1

where NP2 / NP3 is the ratio between the period of Report 2 and that of Report 3.

When PTI = 1, it makes sense to let H = J * K + 1 where J is the number of bandwidth part and K is some constant.

For example, when J = 3 and K = 1, the reporting structure for PTI = 1 can be seen in Figure 1.
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Figure 1: Feedback Structure for PTI = 1 (cycling through 3 bandwidth parts)
On the other hand, when UE is reporting PTI = 0 (relatively high Doppler Shift), it is natural to have one wideband W2/CQI report (Report 3) between consecutive W1 report (Report 2) since additional wideband W2/CQI report (Report 3) for the same W1 may not provide much additional information. For the case where H = 2, the corresponding feedback structure can be seen more clearly in Figure 2.
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Figure 2: Feedback Structure for PTI = 0.

Since both reports of PTI = 0 and PTI = 1 are in the same PUCCH feedback format, the feedback period of the RI should be the same irrespective of the value of PTI. Therefore, we propose to have different feedback period of Report 2 and Report 3 for different PTI values.
Proposal 2: Different feedback period ratio between Report 2 and Report 3 depending on PTI values.
3.2 Further Details of Feedback Content in PTI = 1
In the agreed way forward, the feedback content under PTI = 1 are 
· Report 2: wideband CQI and wideband W2

· Report 3: subband CQI and subband W2.
This means that the feedback content between two consecutive RI reports are not self-contained. The network will have to rely on interpolation to figure out what is the precoder (since W is derived from both W1 and W2).

This may cause the following potential issues
· the network can not mandate UE to feedback subband CQI/W2 for frequency selective scheduling for SU/MU-MIMO which is the main design goal of this feedback mode
· feedback content may depend on UE implementation

· RAN4 may find it difficult to test PTI report

For example, if the network configures UE in the feedback mode, the network will have no clue on whether the UE is going to feedback subband CQI/W2 or not since it is completely upto UE’s implementation to decide whether the W1 during the current feedback period (reporting instances between two consecutive RI reports) is the same as that in the previous feedback period or not.
Furthermore, under current agreement, it may be difficult for RAN4 to test the PTI report since the feedback content in PTI = 1 is not self-contained at all. In current RAN4 spec [2], throughput gain of eNB following RI report as opposed to fixed RI value is used as a test for RI. However, this kind of methodology can not be easily extended to test PTI since we can not fix PTI to be 1.  

Based on these observations, we suggest the following modification to the feedback content:

when PTI = 1:

· Report 2: wideband CQI and wideband W2 + W1
· Report 3: subband CQI and subband W2.
Furthermore, codebook subset selection / sub-sampling as applied in CSI mode 2 can be used to reduce the payload of Report 2 under PTI = 1. To be specific, the feedback content can be seen more clearly in Figure 3.
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Figure 3: Modified Feedback Content for PTI = 1

In this way, the feedback content between two consecutive RI (PTI = 1) reports are self contained. Compared with the original agreement, 

· The feedback accuracy of W1 is increased due to the additional report of W1 in PTI = 1

· The feedback accuracy of wideband W2 is reduced due to the sub-sampling of W2 in PTI = 1

However, since UE feeds back PTI = 1 most likely under low Doppler Shift, the focus of the feedback is more on the subband CQI/W2, the potential performance loss due to feedback accuracy impairment in wideband W2 is negligible. Furthermore, this simple modification resolves the listed issues.

Proposal 3: Modification on feedback content under PTI = 1:
· Report 2: 

· PTI = 1: wideband CQI, W1 and wideband W2 will be reported 
· Subsampling can be applied to W1 and/or W2 to maintain payload requirements
3.3 Subband Cycling Issues

For CSI mode 1 (extension of PUCCH 2-1), in the case of PTI = 1, the Report 3 includes subband information. Without appropriate design of that report, the payload size may be too large to be carried over the PUCCH. According to current agreement in [1], the payload size of Report 3 under PTI = 1 can be seen more clearly in the following table for 8Tx:

Table 3: Payload of Report 3 with L-bit subband indication for 8Tx
	Rank
	W2
	CQI
	L-bit Subband Indication
	Total Payload

	Rank 1
	4 bits
	4 bits
	1 – 2 bits depending on BW
	10

	Rank 2
	4 bits
	4 + 3 bits
	1 – 2 bits depending on BW
	13

	Rank 3
	4 bits
	4 + 3 bits
	1 – 2 bits depending on BW
	13

	Rank 4
	3 bits
	4 + 3 bits
	1 – 2 bits depending on BW
	12

	Rank 5-8
	0 bit
	4 + 3 bits
	1 – 2 bits depending on BW
	9


It can be seen clearly that current design will lead to the payload of Report 3 exceeding 11 bits in the case of Rank 2/3/4. The same problem occurs in the 4Tx.
In our view, there are four different ways to resolve the issue:

· Alt. 1: allow 13 bits in PUCCH subband CQI/W2 feedback
· Alt. 2: use 3 bit subband CQI and 2 bit differential CQI

· Alt. 3: removing L-bit subband indication and applying predefined subband cycling

· Alt. 4: keeping L-bit subband indication and applying subsampling on W2 codebook for rank 2/3/4
Alt. 1 is not very desirable since it may cause vulnerable protection for PUCCH feedback.

Alt. 2 is also not very desirable since as suggested in many contributions [3, 4] that system performance especially the performance of MU-MIMO is very sensitive to the accuracy of CQI report. 

Therefore, Alt. 3 and Alt. 4 are preferable to us at this moment.

In the following section, we will investigate the performance gap between those two options.

In order to investigate the performance gap between option 3 and 4, we evaluate the performance when PTI = 1 assuming that W1 has been reported along with RI (otherwise subband feedback content is not self-contained (). 
The subband size for feedback is assumed to be 6RBs. The whole band is made of 54 RBs, hence 9 subbands. 
In option 3, the subband to be reported is predefined as follows 1,4,7,2,5,8,3,6,9 which can be seen more clearly in Figure 4.
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Figure 4: Predetermined Cycling Order
In option 4, 54 RBs are divided into 3 bandwidths parts and 3 subbands per bandwidth parts are considered. The UEs are cycling over the bandwidth parts and are reporting PMI/CQI for the preferred subband in a bandwidth part. The proposed codebook subset for W2 in option 4 consists in the following: 
· In 8Tx, for rank 1 and ranks higher than 5, no subset needs to be defined as the payload size can be kept smaller than 11 bits even with the agreed 8Tx codebook. 
· In 4Tx, for rank 1, no subset needs to be defined as the payload size can be kept smaller than 11 bits with Rel. 8 4Tx codebook.
· For rank 2, 3, 4 on the other hand, for 4Tx and 8Tx, subsampling of W2 is necessary to keep a payload size of 11 bits.
At any given subframe, a UE only reports a single subband W2/CQI. We assume MRI=1, K=4, Np=5ms, Noffset,RI= 0. For simplicity, we assume that RI, W1, wideband W2 and wideband CQI are reported together in the same subframe. This corresponds to report RI, wideband W1, wideband W2 and wideband CQI every 65 ms (K=4) and subband W2/CQI every 5ms. Note that 65 ms enables the predefined cycling to report all subbands, while in UE subband selection, the UE may not report all the subbands.
Table 4. 4x2 closely spaced dual-polarized (XX->+ channels, 0.5λ antenna spacing, 15º angle spread) with K=4 (i.e. 65ms periodicity for RI, W1, wideband W2 and wideband CQI)
	SU/MU-MIMO with MAX 2 LAYERS
	closely spaced dual-polarized (XX->+ channels, 0.5λ antenna spacing)
	closely spaced single-polarized (IIII->II channels, 0.5λ antenna spacing)

	
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)

	UE subband selection 
	2.4075
	0.0686
	2.6733
	0.0723

	Predefined cycling
	2.3778
	0.0666
	2.6671
	0.0782


Table 5. 8x2 closely spaced dual-polarized (XXXX->+ channels, 0.5λ antenna spacing, 15º angle spread) with K=4 (i.e. 65ms periodicity for RI, W1, wideband W2 and wideband CQI)
	SU-MIMO only
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)

	UE subband selection with full codebook
	2.6708
	0.0921

	UE subband selection with codebook subset (column subset)
	2.6191
	0.0867

	UE subband selection with codebook subset (phase subset)
	2.6227
	0.0897

	Predefined cycling
	2.5955
	0.0901


	SU/MU-MIMO/multi-layer MU-MIMO with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz/cell)
	5% cell edge spectral efficiency (bits/s/Hz)

	UE subband selection with full codebook
	2.711
	0.0889

	UE subband selection with codebook subset (column subset)
	2.6712
	0.0859

	UE subband selection with codebook subset (phase subset)
	2.6831
	0.0861

	Predefined cycling
	2.6688
	0.0877


Proposal 4: As an output of those evaluations, our preference is to keep the L-bit subband selection (Alt. 4) as in Rel. 8 and define the following 2-bit codebook subsets for W2
· 4Tx:

Rank 2/3/4 : 
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4 Down-selection among PUCCH modes

Among the newly introduced modes, two modes target extensions of PUCCH 1-1, which may seem redundant. Both CSI mode 2 PUCCH 1-1 and CSI mode 1 PUCCH 1-1 provide wideband information. The pros and cons of those 2 modes are qualitatively summarized in Table 6
Table 6. Qualitative comparisons of PUCCH 1-1 modes
	
	Pros
	Cons

	CSI mode 2 PUCCH 1-1
	- Robustness to error propagation as RI report has a very small payload size
	- lower feedback accuracy due to limited payload size of 4 bits for W.

	CSI mode 1 PUCCH 1-1
	- Good feedback accuracy as no codebook subsets are required
	- Large payload size for the RI&W1 report, leading to lower robustness in terms of error propagation

- can be seen as a subset of CSI mode 1 PUCCH 2-1 when PTI=0 


Proposal 5: Our position is to keep the 3 modes in Rel. 10. 
However if LTE-A decides to narrow-down the number of options, our preference would be to remove CSI mode 1 PUCCH 1-1 and keep only the following two modes: CSI mode 2 PUCCH 1-1 and CSI mode 1 PUCCH 2-1.
5 Conclusions
In this contribution, we have discussed remaining issues on PUCCH modes. We conclude the following:

· Proposal 1: For CSI Mode 2 PUCCH 1-1 for 8Tx, our preference is to define a 3-bit W1 and 1-bit W2 based on column selection of W2 for rank 1,2,3,4.
· For CSI Mode 1 PUCCH 2-1, we propose to
· Proposal 2: have different feedback period ratio between Report 2 and Report 3 depending on PTI values.
· Proposal 3: include W1 in report 2 when PTI = 1 (i.e. wideband CQI, W1 and wideband W2 are reported) in order to resolve the testing issues
· Proposal 4: keep the L-bit subband selection as in Rel. 8 and define appropriate 2-bit codebook subsets for 4Tx and 8Tx for rank 2,3,4
· Proposal 5: We propose to keep the 3 new PUCCH modes in Rel. 10, i.e. the two modes targeting PUCCH 1-1 and the mode targeting PUCCH 2-1. 
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7 Appendix: Simulation assumptions

	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2 & 8x2 SU/MU-MIMO/multi-layer MU-MIMO based on SU-MIMO RI/PMI/CQI report

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain. Exhaustive search is performed with the MU-MIMO PF metric obtained as the sum of the PF metric of the co-scheduled UEs.

	Downlink link adaptation


	CQI and PMI 5ms feedback period

	
	Frequency granularity of PMI/CQI depends on PUSCH mode

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	PMI feedback error: 10% on the PUCCH for W2 report. 0% on the PUCCH for RI and W1 report. 0% on the PUSCH. 

	
	MCSs based on LTE transport formats [36.213]

	
	4-bit Quantized CQI per CW

	codebook

　
	Rel. 8 4 bit 4Tx codebook

	
	Rel. 10 8Tx codebook

	Allocation
	localized

	Total number of RB in one subframe
	54

	scheduling unit
	1 subband=3 or 6 consecutive RBs depending on the reporting mode

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell 

	Data Channel Estimation
	Non-ideal channel estimation on CSI RS and DM RS. MSE vs. CINR curves based on LLS provided as an input to SLS.

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	eNB: 

Co-polarized: Vertically polarized antennas

Cross-polarized: +/- 45 degrees

	
	UE:

0.5 wavelength separation

VH polarized

	
	0.5 and 4 wavelength separation at eNB 

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe, RANK 3,4: 24 REs/RB/subframe

	
	Overhead of CSI RS: 4/8 sets of CSI RS every 5 ms and 1RE/port/RB (This is, in 4 Tx antenna case, 4 REs/RB per 5ms and in 8 Tx antenna case, 8 REs/RB per 5ms)

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro low spread for 3GPP case 1, 3km/h

	Link error prediction technique
	MIESM (RBIR)

	
	Non-ideal link adaptation (i.e. non-ideal CQI). Outer-loop control based on ACK/NACK report.

	Intercell interference modeling
	rank 2 transmission in interfering cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers
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